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Abstract 
The Deepwater Horizon blowout occurred on April 20
th
, 2010, releasing 4.9 million 
barrels of Louisiana crude oil into the Gulf of Mexico (GoM).  Subsequent to the Deepwater 
Horizon blowout, sediment cores revealed oil on the northern GoM seafloor and abnormal skin 
lesions were seen in GoM fishes.  Exposure to polycyclic aromatic hydrocarbons (PAHs), a 
component of crude oil, in fish has been associated with many sublethal effects, including cancer 
and population-level effects.  Using a biomarker of exposure to PAHs, this thesis evaluates inter-
species, temporal and spatial differences in exposure to hydrocarbon contamination between 
three species of fish with varying levels of association with the sediment, that were potentially 
exposed to Deepwater Horizon crude oil: golden tilefish (Lopholatilus chamaeleonticeps), king 
snake eel (Ophichthus rex) and red snapper (Lutjanus campechanus), and examines patterns in 
these data using life history, behavior and environmental data. 
In 2011, 2012 and 2013, bile samples and biometric data were collected from fish via 
demersal longlining and bile was analyzed for three PAHs, naphthalene, phenanthrene and 
benzo[a]pyrene and their metabolites, using high performance liquid chromatography with 
fluorescence detection (HPLC-F).  Bile of golden tilefish had significantly higher concentrations 
of naphthalene and phenanthrene metabolites, compared to red snapper and king snake eel.  For 
biliary naphthalene metabolites, golden tilefish had an average concentration of 240 ug g
-1
, 
compared to 61 ug g
-1
 for red snapper and 38 ug g
-1
 for king snake eel, for the year 2012.  Biliary 
naphthalene metabolite concentration has decreased 8% in golden tilefish samples, between 2012 
x 
and 2013, indicating continuous exposure to petrogenic pollution, while naphthalene metabolites 
decreased 49% over time for red snapper and 37% for king snake eel, indicating episodic 
exposure to elevated petrogenic pollution prior to 2011.  The concentration of naphthalene 
metabolites measured in golden tilefish in this study are some of the highest concentrations 
measured in the GoM and internationally, while naphthalene metabolite concentrations for red 
snapper and king snake eel are similar to 1990’s GoM data.  In contrast, concentrations of 
benzo[a]pyrene metabolites were statistically similar for all three species, suggesting a difference 
in the disposition of or exposure to benzo[a]pyrene contamination.  Concentrations of 
benzo[a]pyrene metabolites are relatively low when compared to other GoM and international 
data, for all three species. 
This study has identified a species of GoM fish, golden tilefish, that is exposed to a 
present-day source of petrogenic PAH pollution and certain fish species that were episodically 
exposed, in the years following the Deepwater Horizon blowout.  With residual Deepwater 
Horizon oil still found in GoM sediments, coastal marshes and beaches, there is a need to 
identify these chronic exposures to persistent PAH pollution, monitor PAH concentrations in 
over time and evaluate the resulting sublethal effects to better understand the impacts of the 
Deepwater Horizon blowout on marine resources such as GoM fisheries. 
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Introduction 
The Deepwater Horizon Blowout 
The Deepwater Horizon (DWH) blowout in the Gulf of Mexico (GoM) is recognized as 
the “largest marine oil spill in U.S. history”1, and the first “spill of national significance”1, 2.  On 
April 20
th
 2010, a blowout occurred at British Petroleum’s Macondo well located on lease block 
MC252 in 1500 m of water, about 80 km offshore of the Mississippi Delta
3
 (Figure 1).  The 
drilling rig exploded, killing 11 crew members, and sank two days later.  Between April 22
nd
 and 
July 15
th
, 2010 (87 days), 4.9 million barrels of crude oil were released into the GoM as a result 
of the blowout
1
.  A yet-to-be-determined percentage of this oil settled on the northern GoM 
seafloor and its effects can still be seen in sediment cores taken at sites impacted by the spill
4-7
.  
Similarly, oil from the DWH blowout is persistent in certain marsh and beach habitats around the 
GoM
8-11
.  Given the persistence of DWH oil in the environment, there is a need to understand the 
interactions and impacts with fish and other wildlife. 
Following the Exxon Valdez oil spill, there was a paradigm shift in oil ecotoxicology, 
from believing the major ecological impacts were from acute mortality, to the idea that chronic 
exposure to low levels of pollution can cause serious sublethal effects to exposed populations.  
Chronic exposure to persistent petrogenic pollution and its effects needs to be identified and 
better understood in order to evaluate the impact of an oil spill or deep-water blowout, such as 
the Deepwater Horizon, on marine resources.  The objective of this thesis is to evaluate exposure 
2 
to persistent PAH pollution in demersal GoM fishes in the years following the Deepwater 
Horizon blowout. 
 
Figure 1.  Map of the location of the Deepwater Horizon (DWH) drilling rig when the blowout 
occurred on April 20
th
, 2010, in the Gulf of Mexico. 
 
Polycyclic Aromatic Hydrocarbons in Fishes 
Polycyclic aromatic hydrocarbons (PAHs) are a class of compounds found in crude oil, 
and are ubiquitous pollutants in the marine environment
12-18
.  PAHs are considered the most 
toxic component of crude oil and are recognized by the United States Environmental Protection 
Agency (EPA) as priority pollutants because they persist in the environment and are toxic to 
vertebrates, including fishes
19, 20
, therefore, PAHs are of particular concern following oil spills 
and in environmental monitoring.  PAH contamination is of special interest in the GoM due to 
the DWH blowout, increased exploitation of offshore oil and the importance of commercial and 
recreational fishing. 
Crude oil typically contains 0.2% - 7% PAHs
21
.  Hydrocarbon analysis of DWH oil 
collected from the wellhead reported 3.8 - 4.0% PAHs by weight
22, 23
.  With 4.9 million barrels 
3 
of oil released during the DWH event, there was a large episodic pulse of PAHs into the GoM, in 
2010, with the potential to impact fishes. 
All PAH molecules are made up of two or more fused aromatic rings and are often 
alkylated
14, 24
.  This study examines three common PAHs and their metabolites, naphthalene 
(NPH), phenanthrene (PHN) and benzo[a]pyrene (BaP) (Table 1).  NPH and PHN are present in 
relatively high concentrations in DWH crude oil (Figures 2 and 3) while BaP is found in much 
smaller concentration (Figure 3).  PAHs are generally characterized by the number of rings in 
their molecular structure and their origin.  Classifications by size are low molecular weight 
(LMW) versus high molecular weight (HMW).  Classification by origin compares petrogenic 
and pyrogenic-derived PAHs
12, 13, 25, 26
.  Petrogenic PAHs are derived from petroleum, and are 
composed primarily of two and three ring PAHs (e.g. NPH, PHN)
18, 26
.  Two - three ring PAHs 
are also called LMW PAHs
24
.  Pyrogenic PAHs are derived from incomplete combustion of 
biomass (e.g. wood) and fossil fuels, and include PAH molecules with four or more aromatic 
rings, called HMW PAHs (e.g. BaP)
13, 14, 21, 24
.  However, there is a characteristically pyrogenic 
PAH, BaP, found as a small component of DWH crude oil
23
 (Figure 3). 
 
Table 1.  Polycyclic aromatic hydrocarbons (PAHs) analyzed in demersal fish bile samples, 
collected in the northern Gulf of Mexico, in this study (naphthalene, phenanthrene, 
benzo[a]pyrene), their abbreviations, classifications based on molecular weight (LMW = low 
molecular weight; HMW = high molecular weight) and molecular structures. 
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Figure 2:  Profile and concentration of polycyclic aromatic hydrocarbons (PAHs) and alkylated 
homologs (NPH = naphthalenes; FLU = fluorenes; DBT = dibenzothiophenes; ACY = 
acenaphthylenes; ACE = acenaphthenes; ANT = anthracenes; PHN = phenanthrenes; FLA = 
fluoranthenes) measured in a sample of Deepwater Horizon (DWH) crude oil taken from the 
blown-out Macando well, analyzed by Reddy et al. 2012
22
. 
 
Specific inputs of PAHs into the GoM have been identified and include coastal erosion, 
river input (e.g. Mississippi river, Atchafalya river), natural oil seeps, petroleum industry (e.g. 
spills, blowouts, leaks, produced waters) and atmospheric deposition
27
.  A mass balance analysis, 
omitting the petroleum industry and natural seeps as inputs (due to lack of data), identified 
fluvial inputs, coastal erosion and sedimentation as the major contributors to PAH loading in the 
GoM, based on anthracene, benzo[a]anthracene and benzo[g,h,i]perylene fluxes
27, 28
.  Inputs 
from atmospheric deposition were found to be orders of magnitude lower and deemed 
5 
negligible
27, 28
.  PAH efflux from the GoM was described by PAH sequestration into sediments, 
advective losses of water to the Atlantic Ocean and degradation via photolysis or bacterial 
degradation
27
.  It is accepted that today, the main sources of PAHs to the environment are 
anthropogenic
14
. 
 
 
Figure 3: Profile and concentration of polycyclic aromatic hydrocarbons and alkylated 
homologs in a sample of Deepwater Horizon (DWH) crude oil taken from the blown-out 
Macando well, analyzed by British Petroleum
23
. 
 
Routes of exposure to PAHs in demersal fishes include ingestion, respiration (ventilation 
over the gills) or trans-dermal uptake
12, 20, 24, 29-32
.  Multiple and simultaneous routes of exposure 
are expected for demersal fishes
24
.  Following uptake, the hepato-biliary system typically works 
to metabolize and eliminate PAHs
33
.  The hydrophobic parent PAH molecules and their alkylated 
homologues are metabolized into more hydrophilic molecules and eliminated, in one or two 
6 
phases, via oxidation, reduction, hydrolysis and conjugation reactions
20, 31, 34
.  The main site of 
metabolism is the liver due to its size and high concentration of enzyme activity
29
.  The main 
enzymes involved in metabolism of PAHs are cyctochrome P450 monooxygenases (CYP450), 
epoxide hydrolase (EH), glutathione S-transferases (GST) and uridine 5-diphosphate-
glucronosyltransferase (UDP-GT)
20
. 
Phase I metabolism, by the monooxygenases, adds a reactive, polar functional group (e.g. 
hydroxyl, diol, epoxide) onto the PAH by oxidation, reduction or hydrolysis.  Phase II 
metabolism, by the conjugating enzymes (e.g. GST, UDP-GT), exchanges the phase I functional 
group for another such as glucuronic acid, sulfate or glutathione
20, 35
.  Both phase I and phase II 
metabolism work together to make the PAH compounds more water soluble and thus easier to 
eliminate
19
.  Phase II metabolism, specifically glucuronidation, is hypothesized as a 
detoxification pathway for PAH metabolites, making the phase I metabolites less reactive
14, 17
. 
The metabolites are then accumulated in the bile which is stored in the gall bladder
33
.  
Following feeding, water fills the gallbladder and the mixture is released into the alimentary tract 
to help breakdown lipids and other compounds during digestion
14, 19, 33, 36
.  PAH metabolites can 
also be eliminated by the kidneys via the urine and through flux of epidermal mucus
20, 33, 37, 38
.  
Exposure study results have revealed that most fish contained greater levels of phase I 
metabolites (e.g. NPH-1,2-diol) in liver tissue and greater levels of phase II metabolites 
(glucuronide conjugates) in the gall bladder, suggesting conjugation facilitates the movement of 
PAH metabolites from the liver to the gall bladder, for NPH, PHN and BaP.
14
 
Understanding PAH metabolism and elimination in fishes is important because it 
influences toxicity, distribution and elimination of the toxicant
20
.  Metabolism, or 
biotransformation, occurs either to make a chemical less toxic or easier to eliminate.  PAH 
7 
metabolism creates metabolites that are easier to eliminate but are generally more toxic than the 
parent compound
20
.  Intermediate metabolic products of metabolism of BaP (e.g. 7,8-dihydroxy-
9,10-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene, or BaP-diol epoxide [BPDE]) can covalently 
bind to macromolecules, such as DNA, RNA and proteins, forming DNA adducts, leading to the 
compounds recognized carcinogenicity
19, 20, 29, 39
.  These BaP-DNA adducts have been found to 
persist for at least 60 days in english sole (Parophrys vetulus)
39
.  PHN-1,2-diol-3,4-epoxide is 
known as a mutagenic metabolite of PHN, although not believed to be carcinogenic
29
.  These 
more reactive metabolites, with the potential to covalently interact with cellular macromolecules, 
may then be retained in the cell instead of eliminated, leading to their toxicity
29
. 
Exposure to PAHs has been linked with other biomarkers of oil exposure and sublethal 
effects in fish, such as DNA damage, immunosuppression, cardiotoxicity, reduced adult fitness, 
altered and reduced growth, “toxicant-induced starvation”, hepatic lesions and neoplasia, 
epidermal lesions, disrupted cell membranes, gill abnormalities, osmoregulatory imbalance, 
decreased fecundity, reduced survival to maturity and endocrine disruption
15, 31, 40-51
.  It is mainly 
the HMW PAHs, specifically BaP, that are carcinogenic following metabolic activation which 
generate DNA-reactive compounds
20, 31
.  Although, not as heavily studied as toxicity of HMW 
PAHs, toxicity of the LMW PAHs is driven mainly by interference with cell membrane 
functions and membrane-associated enzyme systems
20
. 
 In fish, the metabolism of PAHs rapidly converts up to 99% of the parent PAH into a 
PAH metabolite
29
.  Because fish rapidly metabolize and then eliminate PAHs, the concentration 
of parent PAHs in routinely monitored tissues, such as muscle and liver, often reveals only trace 
levels of contamination and is not necessarily a good quantitative indicator of exposure to 
PAHs
2, 15, 19, 20, 24, 52-54
.  Relatively, PAH concentrations in the body rank: bile > liver > skin > 
8 
muscle, irrespective of route of exposure or species
55
, although this can vary by species
49
.  Once 
bile was identified as the major route of elimination of PAH metabolites, it became common to 
study exposure to PAHs using bile
19, 33, 34, 36, 52, 56
.  Several studies have found biliary PAH 
metabolites to be a more sensitive biomarker of exposure to PAHs compared to PAH 
concentrations in muscle and liver, and the method has become widely accepted and 
incorporated in environmental monitoring programs and post-oil spill research
19, 36, 42, 52, 53, 57, 58
.  
The presence of biliary PAH metabolites represents an early marker of relatively recent exposure 
(days) and ongoing exposure to PAHs
19, 42
 from all routes of exposure
16
. 
 Analysis of biliary PAH metabolites is commonly done by exploiting the fluorescence 
properties of PAHs.  PAHs are strong fluorophores due to their de-localized pi electrons and 
rigid aromatic structure
19, 59
.  They absorb and emit UV light through a process called 
fluorescence emission or photoluminescence.  Each PAH molecule has specific excitation and 
emission wavelengths that vary based on molecular size and structure, with the optimal 
excitation wavelength increasing with increasing molecular weight.  This characteristic 
excitation/emission wavelength pair can be used for identification and quantification of specific 
PAH molecules, called fluorescent aromatic compounds (FAC), even in complex mixtures of 
multiple PAHs
19, 59
. 
There are two widely-applied methods for semi-quantitatively determining biliary PAH 
concentrations: fixed wavelength fluorescence (FF)
59
 and high performance liquid 
chromatography with fluorescence detection (HPLC-F)
19, 52, 59
.  Comparisons have found good 
correlation between the two methods
35, 59
.  Both FF and HPLC-F methods are suitable for 
detecting biliary PAH metabolites as biomarkers of oil exposure because they are rapid, 
reproducible, sensitive, the response is specific to different PAH molecules (e.g. pyrogenic 
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verses petrogenic), detection can be separated from baseline and have been successful in both 
field and laboratory studies
21
. 
The HPLC-F method for quantifying biliary PAH metabolites has been compared to 
quantification of biliary PAH metabolites via gas chromatography/mass spectrometry (GC/MS) 
methodology
53, 60
.  The two methods were found to agree, for BaP metabolites, in the ranking of 
concentrations across individual fish, however, the GC/MS method produced higher total 
metabolite concentrations
60
.  Another study found good correlation for quantifying NPH (r = 
0.94, p < 0.0001) and PHN (r = 0.93, p < 0.0001) metabolites between HPLC-F and GC/MS 
methods
53
.  Using the HPLC-F method, laboratory exposure studies have found a positive linear 
dose-response relationship between doses of BaP and PHN and biliary FACs
15, 16, 36
, therefore, it 
is an acceptable method for determining exposure to PAHs
16
.  The HPLC-F method was been 
used and validated following the Columbia River oil spill
61
, the Exxon Valdez oil spill
62, 63
 and 
the Gulf War oil spill
64
, along with many studies in polluted estuaries
63, 65-68
.  The HPLC-F 
method is also cost effective and practical for analyzing hundreds of bile samples quickly in the 
wake of the DWH blowout.  This study uses the HPLC-F method
52
 to detect and quantify PAHs 
and their metabolites in demersal fish bile. 
 
Study Species 
For my study, I chose to examine three demersal fish species with different habitats and 
life histories: the endobenthic golden tilefish (Lopholatilus chamaeleonticeps), the mysterious 
(endobenthic? epibenthic?) king snake eel (Ophichthus rex) and the hyperbenthic red snapper 
(Lutjanus champechanus) representing a gradient of likely sediment association, with golden 
tilefish being heavily associated with sediments
69-71
, king snake eel likely being 
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moderately/heavily associated with the sediments
72-74
, and red snapper being more distantly 
associated with sediments
75
.  Each of the three fish species has a unique demersal lifestyle, 
which will allow better understanding of how fish lifestyle may relate to level of exposure to 
sediment-based PAH pollution. 
Golden tilefish are a shelter-seeking, demersal, non-migratory, slow growing, long lived, 
benthophagous fish
71, 76-78
 that are commercially important in the GoM
79
.  The northern stock of 
golden tilefish has a range from Nova Scotia to the mid-Atlantic Bight and the southern stock 
range is from Cape Hatteras to the GoM, but is absent in the Caribbean
70, 79, 80
.  However, the 
behavior of both stocks has been observed as indistinguishable
80, 81
. 
Golden tilefish habitat is a narrow band defined by two key requirements: stable warm 
bottom temperatures (9 - 14°C) and shelter
70, 77, 80, 82
.  Golden tilefish have been observed living 
in a variety of sheltered habitats, however, their primary habitat is a large funnel-shaped 
burrow
70, 77
.  As juveniles and adults, golden tilefish form a large burrow (1.5 – 5m diameter, 2 – 
3m deep) in the sediment, through oral excavation, which the fish inhabit daily for protection 
against predators
69-71, 76, 80
 (Figure 4).  It is believed that golden tilefish gradually construct and 
enlarge their burrow throughout their life and remain as a resident of one burrow over time
69, 70
, 
therefore, are non-migratory
70, 82-84
.  Golden tilefish burrows are clustered in distribution
71, 76, 80
 
with a density in the GoM of approximately 1600 burrows per km
2
, in regions with suitable 
habitat
84
.  With a primary habitat of vertical burrows, golden tilefish habitat needs sediment 
conducive to burrow construction (e.g. fine grained sediments with sufficient clay to allow the 
burrow not to collapse), often found on the outer continental shelf, the shelf break and the upper 
shelf slope
70, 77, 80, 82, 84-86
.  The substrate must be malleable for digging, but firm and stable 
enough to allow for burrows to hold their shape
69, 70, 84
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Figure 4.  Schematic of a golden tilefish vertical burrow, courtesy of Dr. Ken Able. 
 
If the requirement of acceptable sediment for burrow construction is not met, golden 
tilefish of the northern stock have been observed occupying “pueblo habitats” (burrows dug 
horizontally into clay canyon walls) or using depressions under boulders and rocks as shelter, 
although vertical burrows are recognized as their primary habitat
70, 77
.  Studies of golden tilefish 
in the GoM observed the classic vertical burrows
81, 84
, however, some of the burrows were dug at 
an oblique angle into the sediment, most likely to keep burrows from caving in
84
. 
Living in depositional environments, the filling-in of an abandoned burrow is rapid, 
therefore, substantial maintenance of a burrow is required, therefore, golden tilefish frequently 
bioturbate sediments with their mouth and body
69-71, 80
.  When dissecting golden tilefish, it is 
evident that they ingest large volumes of sediment, seen by sediment contained in the digestive 
tract, buccal cavity and gills (personal observation).  I hypothesize that this incidental sediment 
ingestion due to their burrowing lifestyle is a key route of exposure to PAH pollution, and could 
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lead to higher concentrations of PAHs in golden tilefish.  In addition, golden tilefish are a species 
of interest because they had the highest frequency of external skin lesions, >7%, in the 2011 
disease survey, out of 21 GoM fish species surveyed
49
.  Golden tilefish are vulnerable to 
environmental disturbance because of their complex life history (slow growth rate, long lived, 
delayed participation in spawning in males)
77, 87, 88
.  The potential for additional exposure to 
environmental contamination, possibly from the DWH event, because of their burrowing 
lifestyle, adds to that vulnerability. 
King snake eel are endemic to the GoM, ranging from the Florida Keys to the Campeche 
Bank
72
.  Little information is available about the life history of the king snake eel.  They are 
described as “mud eels” and “obligate mud dwellers”72 that are associated with soft-bottom 
habitat and are often concentrated around oil rigs
72, 74, 89, 90
.  It is unknown if they form transient 
burrows in the sediment, or if they are epifaunal.  Other Ophicthid eels have been observed 
burrowing into sediments to hide or to search for food
91
.  The limited literature does not suggest 
king snake eel form permanent burrows comparable to those of golden tilefish.  In addition, 82% 
of king snake eel habitat overlaps with the surface oil slick present following DWH blowout, 
making it a species of high interest
90
. 
Red snapper are a commercially important
92
 demersal reef fish associated more with 
vertical structure than the bottom sediments
75
.  Red snapper range from Cape Hatteras to Florida 
and throughout the GoM
93
.  Red snapper are known to inhabit natural reefs (e.g. rock ledges, 
pinnacles, shelf-edge banks), artificial reefs (e.g. shipwrecks, offshore oil infrastructure) and 
rocky-bottom habitat
75, 92, 93
.  Older and larger red snapper will utilize open water habitat once 
they reach a size less vulnerable to predation
75
.  Red snapper exhibit a high degree of site 
fidelity, only moving a few kilometers if moving at all
75
. 
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All three study species are known to eat benthic prey
70, 73, 75, 78, 82, 83, 92, 94, 95
.  Juvenile 
golden tilefish eat primarily echinoderms (e.g. brittlestars), crustaceans, worms and mollusks
83
.  
There is a documented ontogenetic shift in diet, with larger adult golden tilefish eating more fish 
(e.g. mackerel, herring, hake), including cannibalism of smaller golden tilefish
82, 83
.  King snake 
eel diet includes crabs and fish, specifically other eels, as major prey items, and diet may change 
seasonally
73
.  Personal observations identified the sharp-oar swimming crab (Raymanninus 
schmitti) as part of king snake eel diet. 
Red snapper are opportunistic feeders
75, 95
 and diet is known to be site and season 
specific
75, 92, 94
.  Multiple studies suggest fish, pelagic zooplankton and demersal crustaceans 
(e.g. crabs, shrimp) are the main prey items of red snapper
75, 92, 95
.  These same studies note prey 
items are derived from mud and sand habitats, not reefs
92, 95
, suggesting red snapper utilize reef 
habitat as protection from predators not as foraging grounds
95
.  Red snapper may exhibit an 
ontogenetic shift in diet from water column-derived prey (e.g. mysid shrimp, zooplankton and 
squid) for ages 0 – 1, while red snapper 2+ tend to feed on sand/mud associated prey (e.g. fish 
and benthic crustaceans)
92, 95
.  If contaminated prey is a significant exposure vector, for fish that 
change diet by size, there should be a relationship between fish size and PAH contamination 
level, because certain prey types are more susceptible to bioaccumulation of PAHs (e.g. benthic 
invertebrates).  This hypothesis will be evaluated in this thesis. 
Many studies of uptake of PAHs by fishes focus on uptake from water.  Ventilation is not 
considered a key route of exposure in this study as elevated PAH concentrations were no longer 
seen in the water column 120 days after the DWH blowout
96
.  Considering habitat, behavior and 
diet, potential routes of exposure to any persistent PAH pollutant for golden tilefish include 
incidental sediment ingestion, transdermal uptake or through ingestion of contaminated prey.  
14 
King snake eel could potentially be exposed transdermally or by consuming contaminated prey.  
Lastly, red snapper could be potentially exposed primarily via prey contamination.  If 
transdermal uptake is the primary contamination route, then it would follow that larger 
individuals would have proportionally higher contamination levels than smaller ones, due to 
larger surface area.  However, if contaminated benthic prey are the primary route and the species 
has an ontogenetic shift in diet to lower proportions of benthic prey as fish grow, then 
contamination levels should be lower for larger individuals.  Using this logic, these hypotheses 
can be tested with data available in this study. 
Each species’ body burden of PAHs is controlled by opposing process of uptake and 
elimination
24
.  Uptake is influenced by the bioavailability of PAHs in the environment, 
environmental factors (e.g. temperature, pH, salinity, oxygen availability) that influence 
metabolism and individual processes, such as growth rate, size, membrane permeability, 
osmoregulation, extraction efficiency, ventilation rate, ingestion rate, and gut residence time
24
.  
Elimination is controlled by both passive diffusion and metabolism
24
.  Understanding the balance 
of factors that control species-specific differences in PAH disposition is a goal of this thesis.  By 
studying three demersal fishes with different life histories and habitats, I hope to understand 
differences in uptake among them due to exposure to PAH pollution in relation to sediment 
contamination, diet and behavior. 
 
Sediment as a Route of PAH Exposure to Fishes 
Demersal fishes are the focus of this study because of hypotheses related to the fate of the 
oil following the DWH blowout.  Following the DWH blowout, by multiple mechanisms, oil 
settled on the northern GoM seafloor, with the potential to negatively impact the benthos
7
.  The 
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leading hypothesis for the mechanism of sedimentary oil deposition to the GoM continental shelf 
following the DWH blowout is a large marine snow formation event called the “flocculent or 
dirty blizzard”97, 98.  This hypothesis describes a shuttle for heavy flocculated petrogenic, 
pyrogenic and biological particles from the sea surface and water column to GoM shelf 
sediments.  The formation of this marine oiled snow is hypothesized to be due to the aggregation 
of materials such as bacterial-mucus webs, oily particulate matter, phytoplankton, zooplankton, 
fecal matter and detritus
97, 98
 and has been seen before following the Ixtoc I blowout
99
, that 
occurred in the Bay of Campeche, GoM in 1979.  Any petrogenic or pyrogenic material that gets 
caught up in the marine snow has the potential to be deposited on the seafloor and impact the 
benthos
7, 98
, including benthic-dependent fishes. 
Impacts of the “flocculent dirty blizzard” include increased flux of organic carbon and 
toxic materials (e.g. PAHs) to GoM sediments.  The marine oil snow, once shuttled to the 
seafloor, is also hypothesized to be a food source for the prey of demersal fishes
97
 and could be 
ingested by bioturbating fishes, further exposing them to petrogenic and pyrogenic pollution
98
.  
At sites 1000 - 1500 meters deep, up to a 300-fold increase in the rate of PAH deposition to the 
sediments has been observed
4, 6, 7
.  With the potential for large pulses of PAHs to the sediment 
following the DWH, or another oil-related accident in the GoM, it is critical to understand the 
relationship between episodic PAH contamination of sediments and GoM fish exposure, and the 
long-term impacts of chronic, low-level exposure from various natural and anthropogenic 
sources. 
Freshwater, estuarine and marine sediments are all potential sinks for PAHs
14, 19, 56
.  As 
hydrophobic molecules, PAHs are weakly soluble in water and have a high affinity for 
particulates and organic material, such as fine-grained organic sediment, or those that become 
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deposited in sediments
12, 14, 20, 24, 35, 65, 100
.  Sediment-associated PAHs are highly bioavailable and 
thus suspected to be an important source of exposure for demersal organisms
20, 29, 31, 34, 42, 101-104
.  
Uptake of PAHs from sediment could occur trans-dermally by desorption of PAH molecules 
from sediment particles at the skin, from “sediment associated water”, or by ingesting 
contaminated benthic or infaunal prey, or sediment itself, allowing PAH molecules to desorb 
from sediment during digestion
24, 29
.  Bioturbating by demersal fishes, such as golden tilefish and 
king snake eel, is thought to have a significant impact on the distribution of PAHs in sediment 
and impact their flux into the water, potentially increasing the concentration of PAHs in the 
overlying water
14, 24
.  For large fish, with high surface area, such as king snake eel, living in 
direct contact with sediments, dermal-absorption is hypothesized to be a significant route of 
exposure to sediment-associated pollution
32
 and has been observed in laboratory exposure 
studies
38
. 
Ingestion of contaminated sediment and a diet of benthic organisms were observed as 
major routes of exposure to sediment contamination for english sole, chinook salmon 
(Oncorhynchus tshawytscha) and other demersal fishes
18, 31
.  An exposure study found fish in 
direct contact with contaminated sediment had increased uptake and accumulation of 
contaminants compared to fish that were not in direct contact with the sediment
105
.  The same 
study found the combination of exposure to contaminated sediment and benthic prey (which live 
in the same contaminated sediment) resulted in accumulated xenobiotic levels that were twice as 
high as in fish in direct contact with the contaminated sediment being fed control-prey
105
.  
Therefore, direct contact with sediment and a dietary transfer from sediments via benthic prey, 
both make demersal fishes doubly susceptible to accumulation of sediment pollution. 
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Traditionally, potential exposure is examined by relating total PAH concentration in the 
sediment to PAH concentrations in the organism.  One study found biliary PAH metabolite in the 
non-migratory oyster toadfish (Opsanis tau) to be highly correlated (R
2
 = 0.95, p < 0.001) with 
the concentration of PAHs in sediment in the Elizabeth River, Virginia
101
.  Other studies 
question whether total PAH concentration accurately represents the bioavailability or potential 
toxic effect of contaminated sediment on the benthos, stating presence does not indicate adverse 
effect and intense laboratory chemical extractions may overestimate bioavailable PAHs in 
sediment samples
14, 35, 100, 103, 106, 107
.  The bioavailability of sediment-sorbed PAHs is dependent 
on desorption of the PAH from the sediment particles to the dissolved phase
29
.  Different PAHs 
also have different levels of bioavailability
14
.  When considering bioavailability of different 
PAHs at the same location/sediment, LMW PAHs bind less tightly to particulate matter, and are 
possibly more bioavailable than HMW PAHs, due to water solubility and physicochemical 
properties, such as Kow, surface area and molecular weight
24, 29, 34, 100, 108
. 
Accumulation of PAHs in sediments is sediment grain size-dependent, with finer grained 
sediments sequestering higher concentrations of PAHs than more coarse grained sediments
106
.  
In contrast, bioaccumulation is higher from coarse grained sediments and lower from fine 
grained sediments
106
.  Fine grained sediment particles (0 - 180µm), with high organic carbon 
content, will more strongly bind hydrophobic organic contaminants than coarse grained (180 - 
500µm)
107
, making the contaminants less bioavailable. 
However, bioavailability of PAHs in sediments is complicated and most likely case-
specific.  Characteristics, such as the amount of dissolved organic matter in the sediment, organic 
carbon content, plant-derived carbon, grain size, and biological and physical factors may impact 
bioavailability of PAHs
14, 106-110
.  Despite the dependence of bioavailability to overall toxicity, 
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the interactions among the chemicals in crude oil, sediments and the health of demersal fishes 
remain poorly understood. 
 
Objectives and Hypotheses 
This research aims to better understand how demersal fishes’ habitat, life history and 
behavior impact exposure to persistent PAH pollution in the GoM and how certain 
environmental conditions might explain patterns in PAH exposure.  In the three years following 
the DWH event (2011 - 2013), bile was collected from the three study species and analyzed using 
a previously-published method to estimate relative concentrations of biliary PAH metabolites
52
.  
In 2012, sediment cores were also collected at the longline stations and were analyzed for PAH 
concentration
6
. 
Null hypotheses of this study include: 
Ho: there are no differences in biliary PAH metabolite concentration among the 
three species (golden tilefish, king snake eel and red snapper). 
Ho: there are no relationships between level of association with the sediment and 
biliary PAH metabolite concentration in fishes. 
Ho: there are no relationships between the biliary PAH metabolite concentration 
within a species and potential dependent explanatory variables of location, year 
collected, fish length, sex, fish condition factor, hepato-somatic index, PAH 
concentration in sediment, sediment type, and linear distance from the DWH 
event. 
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Methods 
Sample Collection 
From 2011 - 2013, extensive longline surveys evaluating fish disease were conducted in 
the GoM, from the Florida Keys to west of the Mississippi River
49
.  In 2011, fish were caught via 
demersal longlining on chartered commercial longline fishing vessels between June and August 
(Figure 5).  In 2012, these surveys became integrated with sediment coring surveys aboard the 
R/V Weatherbird II (Figure 6).  From 2012 on, all fish were caught via demersal long-lining in 
the month of August, onboard the R/V Weatherbird II, with the exception of the red snapper 
samples from the Madison-Swanson Marine Reserve, which were collected by rod and reel in 
June of 2013, and again in June 2014, onboard the R/V Weatherbird II. 
At each longline sampling station, 385– 537 baited #13 circle hooks attached to 91-kg-
test leaders and to 3.2-mm galvanized steel (2011, 2012), or 1200 pound test monofilament main 
line (2013).  Bait used was cut fish (Atlantic mackerel, Scomber scombrus) or various squid.  
Temperature-time-depth recorders (Star: Oddi CDST Centi) were deployed at the beginning and 
end of each longline set.  Latitude, longitude, depth and weather conditions were also recorded at 
the beginning and end of each set.  After the longline was set, the vessel steamed back to the 
beginning of the main line, for an average soak time of approximately two hours.  Details on 
longline stations are in Appendix B. 
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Figure 5.  Map of the locations of longline stations conducted in the northern Gulf of Mexico in 
2011 for the analysis of bile contamination in demersal fish species. 
 
 
Figure 6.  Map of the locations of stations conducted in the northern Gulf of Mexico in 2012 and 
2013 for the analysis of bile contamination in demersal fish species. 
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 Target fish for the longline disease surveys included the three species in this study, 
golden tilefish, red snapper, king snake eel and others species including, red grouper 
(Epinephelus morio), gag (Mycteroperca microlepis), yellowedge grouper (Epinephelus 
flavolimbatus), snowy grouper (Epinephelus niveatus), greater amberjack (Seriola dumerili), gulf 
hake (Urophycis cirrata), southern hake (Urophycis floridana), blueline tilefish (Caulolatilus 
microps) and sand tilefish (Malacanthus plumieri). 
The target fish species were processed at time of capture for standard and total lengths, 
weight, sex and a subsample of the catch were selected to be sampled for bile, liver, muscle, 
mucus and otoliths.  Bile was collected by dissecting the gall bladder away from the liver, cutting 
the bile duct, and draining the fluid via the duct into an 8 mL combusted amber vial (when not 
available, in clear glass vials wrapped in aluminum foil) and samples were immediately frozen.  
Bile samples were stored at -40°C until analysis.  Liver, GI tract and gonads were weighed 
separately.  All fish were inspected for external skin lesions, fin rot disease, parasites or 
mechanical damage. 
 
Laboratory Analysis 
Bile Sample Analysis 
Bile sample numbers are summarized in Table 2.  All 2011 bile samples (n = 30) were 
analyzed at the Northwest Fisheries Science Center (NWFSC), Seattle, WA.  The 2012 (n = 62) 
and 2013 (n = 179) bile samples were analyzed at Mote Marine Laboratory (MML), Sarasota, 
FL.  Prior to analysis of the 2012 and 2013 samples, an inter-laboratory comparison was 
completed to validate methods, precision and accuracy between NWFSC and MML. 
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Table 2.  Number of bile samples analyzed for biliary polycyclic aromatic hydrocarbon 
metabolites, from three species of demersal fishes collected from the northern Gulf of Mexico 
and year collected.  A total of 96 golden tilefish, 67 king snake eel and 108 red snapper bile 
samples were analyzed over the 2011 - 2013 sampling period, leading to a total of 271 bile 
samples analyzed. 
 
 
Bile samples were analyzed using high performance liquid chromatography with 
fluorescence detection (HPLC-F) following the methods of the NWFSC Environmental 
Chemistry program
52, 111
.  Samples were analyzed to quantitatively determine the levels of FACs 
of NPH, PHN and BaP and metabolites using the following procedures: 
Bile samples (3µl) were injected directly onto the HPLC-F system (Agilent 
Technologies, Series 1100, Santa Clara, CA) equipped with a C-18 reverse-phase column 
(Synergi 4u Hydro-RP 80A, Phenomenex, Torrence, CA).  Biliary PAH metabolites were 
eluted at 1mL/minute using a linear gradient from 0.5% acetic acid in water to 100% 
methanol.  Chromatograms were recorded at wavelength pairs of 292/335nm for the 
naphthalenes (2 - 3 ring FACs), 260/380nm for the phenanthrenes (3 - 4 ring FACs) and 
380/430nm for the benzo[a]pyrenes (4 - 5 ring FACs).  All peaks eluting between 6 - 19 
minutes were integrated and quantified.  Biliary PAH metabolites were calculated using 
NPH, PHN and BaP external standards to convert sample area (fluorescence response) to 
PAH equivalents (ng/g) bile wet weight using the following calculation
111
: 
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𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑀𝑒𝑎𝑛 𝐴𝑟𝑒𝑎
 x 
𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑆𝑎𝑚𝑝𝑙𝑒 𝐴𝑟𝑒𝑎 (6−19 𝑚𝑖𝑛)
𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑏𝑖𝑙𝑒
 x 
𝑢𝐿 𝑜𝑓 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑
𝑢𝐿 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑
 
 
where the density of bile is 0.00103 g/uL
46
.  All equivalent concentrations are reported to two 
significant figures. 
 
Quality Assurance/Quality Control 
Quality assurance was monitored in the following ways: 
 An inter-laboratory comparison of three 2011 bile samples was performed between MML 
and the NWFSC.  There was successful inter-laboratory agreement, with a CV of less 
than 15%, for PAH equivalents for NPH, PHN and BaP over a range of concentrations 
(low, medium and high) and species. 
 A methanol solvent blank was run prior to every field sample.  The area of the solvent 
blank was subtracted from the area of the field sample that was  subsequently analyzed. 
 Each field sample was run in duplicate, with a CV of less than 15%.  If the CV was 
greater than 15%, the sample was run again in triplicate until the CV reached less than 
15%. 
 A continuing calibration was used to monitor instrument stability throughout the analysis 
by running the quantifying standards of NPH (2.5 ug g
-1
), PHN (1 ug g
-1
) and BaP (250 
ng g
-1
) every 12 field samples, making sure the CV was less than 15%. 
 An initial five-point calibration curve for standards of NPH (25, 50, 100, 250, 500 ug g-1), 
PHN (1, 25, 50, 75, 100 ug g
-1
) and BaP (50, 100, 250, 500, 1000 ng g
-1
) was run with an 
R
2
 =1 for each. 
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Data Analysis and Statistics 
 The concentrations of NPH and PHN metabolites were found to vary linearly within 
individuals (Figure 7, r = 0.92, p = 0.001), for all three species, and within sites, therefore, only 
results for NPH equivalents are analyzed and discussed to avoid redundant information (the full 
data set is reported in Appendix A).  Correlation between NPH and PHN metabolites has been 
found by other studies
62, 64, 65
.  A correlation between NPH and BaP metabolites was also 
significant (Figure 8, r = 0.30, p = 0.001), although much weaker than the correlation between 
NPH and PHN, therefore, results for BaP metabolite concentration are analyzed and presented.  
The correlation between NPH and PHN is believed to be due to NPH and PHN contamination 
coming from the same petrogenic source, while the lack of correlation with BaP likely represents 
BaP contamination from another unrelated combustion source
65
. 
 
 
Figure 7.  Correlation between biliary naphthalene (NPH) and phenanthrene (PHN) metabolite 
concentrations (p = 0.001; r = 0.92) measured in bile of three species of demersal fishes collected 
in the northern Gulf of Mexico, 2011 - 2013.  Correlation coefficients (r) for individual species 
are: golden tilefish = 0.84 (p = 0.001), red snapper = 0.90 (p = 0.001), king snake eel = 0.92 (p = 
0.001).  Note the color scheme for species in the legend will be used throughout the rest of the 
thesis. 
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Figure 8.  Correlation between biliary naphthalene (NPH) and benzo[a]pyrene (BaP) metabolite 
concentrations (p = 0.001; r = 0.30) measured in bile of three species of demersal fishes collected 
in the northern Gulf of Mexico, 2011 - 2013.  Correlation coefficient (r) for individual species 
are: golden tilefish = 0.39 (p = 0.001) , red snapper = 0.22 (p = 0.027), king snake eel = 0.67 (p = 
0.001). 
 
All statistical testing was performed in MATLAB R2013a using the Fathom Toolbox for 
Matlab
112
.  For univariate testing, if the explanatory variable was categorical, a nonparametric 
multivariate analysis of variance (npMANOVA), also known as a distribution-free analysis of 
variance, was run testing the impact of the categorical variable (e.g. sex, station, sediment type) 
on biliary PAH metabolite concentration.  Between-group dispersion was checked for 
homogeneity prior to each npMANOVA by running an npMANOVA on the residuals (the 
distance of each data point from the group’s centroid), testing the null hypothesis: there is no 
difference in dispersion between groups.  If between-group dispersions were homogenous, the 
raw data were tested by npMANOVA.  If between-group dispersions were heterogeneous, a 
square root transformation was applied and the homogeneity of the residuals was tested again.  If 
between-group dispersions were still heterogeneous, a log transformation was applied and the 
homogeneity of dispersions was tested again.  Once homogenous dispersion between groups was 
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achieved, an npMANOVA on the data was performed.  An alpha of 0.05 was used to reject the 
null hypothesis for all statistical tests.  If there were more than two groups and the npMANOVA 
found a significant difference between groups, a pair-wise npMANOVA was run.  An adjusted 
p-value, using the Holms-Bonferroni transformation, was used to test the null hypothesis for a 
pair-wise npMANOVA. 
For univariate testing, if the explanatory variable was continuous, a correlation was run 
and a p value was calculated via permutations (n = 1000), testing the relationship between the 
continuous explanatory variable (e.g. fish length, distance) on biliary PAH metabolite 
concentration.  Measurements of the distance between samples and the DWH site and maps were 
made in ArcMap 10.1 and all other figures were made in SigmaPlot 12.0 and MATLAB. 
 Multivariate testing was also performed to lower the possibility of type I errors associated 
with running numerous univariate tests.  For multivariate testing, a distance-based redundancy 
analysis (db-RDA) was run to simulate a multivariate multiple regression where we included 
multivariate explanatory and multivariate response variables.  Any categorical explanatory 
variables were dummy coded.  All data was standardized prior to the db-RDA. 
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Results and Discussion 
Biliary PAH Metabolite Concentrations 
 This study, one of the most comprehensive analyses of fish bile to date, examines 271 
bile samples, from 26 longline stations, over three years following the DWH blowout, including 
96 golden tilefish, 67 king snake eel and 108 red snapper samples.  The results for biliary NPH 
and BaP equivalents, for all samples, are summarized in Tables 3, 4 and 5. 
 
Table 3.  2011 biliary naphthalene and benz[a]pyrene metabolite results for red snapper (n = 30) 
caught in the northern Gulf of Mexico. 
 
 
Table 4.  2012 biliary naphthalene and benz[a]pyrene metabolite results for red snapper (n = 15), 
golden tilefish (n = 24) and king snake eel (n = 23) caught in the northern Gulf of Mexico. 
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Table 5.  2013 biliary naphthalene and benz[a]pyrene metabolite results for red snapper (n = 63), 
golden tilefish (n = 72) and king snake eel (n = 44) caught in the northern Gulf of Mexico. 
 
 
Species-specific Differences in Biliary PAH Metabolite Concentration 
 The first null hypothesis tested was that there is no difference in PAH metabolite 
concentration among the three study species.  For both 2012 and 2013 data sets, there is a 
significant difference in NPH metabolites between all three study organisms, with golden tilefish 
having significantly higher concentrations of biliary PAH metabolites than king snake eel or red 
snapper (Figure 9; p = 0.001, p = 0.001 respectively).  Mean NPH metabolite concentration in 
golden tilefish is, on average, 4 times higher than red snapper for both 2012 (p = 0.003) and 2013 
(p = 0.003), 6 times higher than king snake eel in 2012 (p = 0.003) and 9 times higher than king 
snake eel in 2013 (p =0.003).  Red snapper mean NPH metabolite concentration is consistently 
higher than king snake eel concentrations, with the mean concentration being 5 times higher in 
2012 (p = 0.012) and 2 times higher in 2013 (p = 0.003).  Therefore, we reject the null 
hypothesis for the concentration of naphthalene metabolites because there is a significant 
difference among species (Figure 9) 
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Figure 9.  Difference in biliary naphthalene (NPH) metabolite concentrations among the three 
study species sampled in 2012 and 2013 in the northern Gulf of Mexico, tested by a distribution-
free analysis of variance.  For 2013 data, overall p = 0.001 and pairwise comparisons gave 
adjusted p-values, using the Holms-Bonferroni transformation, of golden tilefish verses king 
snake eel (p = 0.003), golden tilefish verses red snapper (p = 0.003) and king snake eel verses red 
snapper (p = 0.003).  For 2012 data, overall p = 0.001, and pairwise comparisons gave adjusted 
p-values, using the Holms-Bonferroni transformation, of golden tilefish verses king snake eel (p 
= 0.003), golden tilefish verses red snapper (p = 0.003) and king snake eel verses red snapper (p 
= 0.012).  Letters (e.g. A, B, C) denote significant differences between groups. 
 
 Golden tilefish and king snake eel co-occurred at four of the 2012 - 2013 longline 
stations (Figure 10), and even when caught at the same site, there are still large interspecies 
differences in NPH metabolite concentrations (Figure 11).  While no statistical tests were run on 
these data due to an imbalance in sample size between groups (i.e. low catches for king snake 
eel), on average, golden tilefish had mean NPH metabolite concentrations that were 11 times 
greater than king snake eel where both co-occurred.  Golden tilefish and red snapper have never 
been caught at the same station on our longlining cruises. 
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Figure 10.  Map of longline stations in the northern Gulf of Mexico where golden tilefish and 
king snake eel co-occur, and red snapper and king snake eel co-occur, sampled in 2012 and 
2013. 
 
Looking at Figure 11, there is high variation in biliary NPH metabolite concentration of 
golden tilefish sampled at the same location (e.g. at station SL 9-80 range = 44 – 270 ug g-1).  
High variation in biliary PAH metabolite concentration between individuals of the same species 
at the same location, has been described in previous research and is thought to be due to 
differences in rates of uptake, metabolism and elimination by different individuals, heterogeneity 
of sediment contamination within a site, other individual differences such as diet, feeding status 
or migration
29, 36, 46, 56, 113
. 
Red snapper and king snake eel co-occur at three of the 2012 - 2013 longline stations 
(Figure 10).  At two of these sites, red snapper NPH metabolite concentrations were higher than 
king snake eel, however, at site SL 10-40, king snake eel NPH metabolite concentrations were 
slightly higher than red snapper (Figure 12).  Station SL 10-40 is a relatively shallow site, 
surrounded by a high density of oil/gas rigs and is just offshore of the Mississippi River.  
Possible chronic pollution at SL 10-40, due to extant oil infrastructure and river-borne input, 
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could be driving the higher concentrations of NPH metabolites in king snake eel.  Both NPH and 
BaP metabolite concentrations are highest for both king snake eel and red snapper at site SL 10-
40, further suggesting site SL 10-40 is polluted via multiple sources. 
 
Figure 11.  Comparison of biliary naphthalene (NPH) metabolite concentrations for golden 
tilefish and king snake eel samples from four stations in the northern Gulf of Mexico where they 
co-occur (2012 & 2013). 
 
 
Figure 12.  Comparison of biliary naphthalene (NPH) metabolite concentration for red snapper 
and king snake eel samples from three stations in the northern Gulf of Mexico where they co-
occur (2012 & 2013). 
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 No significant differences in BaP metabolite concentration were found among the three 
study species for 2012 (Figure 13, p = 0.265), therefore, we fail to reject the null hypothesis for 
2012.  However, for 2013, average BaP metabolite concentration is 2 times higher in golden 
tilefish and red snapper compared to king snake eel (Figure 13, p = 0.003, p = 0.003 
respectively), while golden tilefish and red snapper concentrations are statistically similar (p = 
0.751).  Therefore, for 2013 we reject the null hypothesis because there are significant 
differences in BaP metabolite concentrations among species (Figure 13). 
 
 
Figure 13.  Difference in biliary benzo[a]pyrene (BaP) metabolite concentrations among the 
three study species sampled in 2012 and 2013 in the northern Gulf of Mexico, tested by a 
distribution-free analysis of variance.  For 2013 data, overall p = 0.001 and pairwise comparisons 
gave adjusted p-values, using the Holms-Bonferroni transformation, of golden tilefish verses 
king snake eel (p = 0.003), golden tilefish verses red snapper (p = 0.751) and king snake eel 
verses red snapper (p = 0.003).  For 2012 data, overall p = 0.265.  Letters (e.g. A, B, C) denote 
significant differences between groups. 
 
The significant difference in NPH metabolite concentration among the three fish species 
suggests that each species could either be exposed to different levels of NPH contamination in 
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the environment, with golden tilefish being exposed to higher levels of contamination than red 
snapper, and red snapper being exposed to higher levels than king snake eel, or that NPH is 
metabolized differentially by each species.  The much higher concentrations of NPH metabolites 
in golden tilefish could be a reflection of their burrowing lifestyle, which provides an extra route 
of exposure to environmental PAH contamination.  Golden tilefish could be exposed to persistent 
PAH pollution through three vectors (ingestion of contaminated sediment during burrow 
formation and maintenance, ingestion of contaminated prey and trans-dermally), while the other 
two species have fewer potential vectors of direct exposure (king snake eel: ingestion of 
contaminated prey and trans-dermally; red snapper: ingestion of contaminated prey).  Previous 
exposure studies have concluded that ingestion of contaminated sediment and a diet of benthic 
invertebrates are major routes of exposure to sediment contamination in demersal fishes, 
supporting our theories about key routes of exposure for golden tilefish
18, 31, 105
.  When golden 
tilefish are dissected it is apparent they are ingesting large amounts of sediment, while obvious 
sediment ingestion is not observed in the king snake eel or red snapper digestive tracts (personal 
observation). 
The hypothesis that there is no relationship between level of association with the 
sediment and concentration of biliary PAH metabolites was partially rejected.  The hierarchy of 
hypothesized differences in exposure (golden tilefish > king snake eel > red snapper) does not 
directly follow the gradient of expected association with the sediment.  Level of association with 
the sediment does not explain why red snapper have slightly higher NPH metabolite 
concentrations than king snake eel.  Species-specific uptake, metabolism and elimination may be 
controlling the differences seen between study species.  King snake eel may be in greater contact 
with muddy sediments contaminated by PAHs, but their physiology or life history could result in 
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the lower biliary NPH concentrations observed.  Alternatively, it could be that high levels of 
PAHs are accumulated in other organs, such as muscle or liver, and not efficiently metabolized 
and eliminated via bile.  Another theory is that king snake eel have an additional route of 
elimination of LMW PAH metabolites, mucus, as described in other teleost species
37, 38
.  These 
exposure studies found an accumulation of NPH and its metabolites in the epidermal mucus of 
both rainbow trout (Salmo gairdneri)
38
 and starry flounder (Platichthys stellatus)
37
.  The 
researchers believed that finding higher concentrations of metabolites, compared to parent NPH, 
in the mucus, together with the fact that epidermal mucus is in constant flux, frequently sloughed 
off and renewed, suggests that epidermal mucus is involved in LMW PAH excretion from the 
body.  Mucus could be a significant route of PAH elimination for king snake eel particularly, 
because king snake eel produce large amounts of epidermal mucus compared to golden tilefish 
and red snapper.  Further analysis of muscle and liver tissues and mucus is needed to resolve 
these alternative hypotheses. 
 
Temporal Variation in Biliary PAH Metabolite Concentration 
 I tested the null hypothesis that there is no difference in biliary PAH metabolite 
concentration, within a species, over time.  Between 2012 and 2013, there was no significant 
change in golden tilefish NPH metabolite concentration (Figure 14, p = 0.367), with the mean 
concentration dropping 8% from 240 ug g
-1
 to 220 ug g
-1
.  There was a significant increase in 
golden tilefish BaP metabolite concentration over the two year study (Figure 14, p = 0.025), with 
the mean concentration increasing from 170 ng g
-1
 to 370 ng g
-1
.  Between 2012 and 2013, the 
mean concentration of NPH metabolites in king snake eel declined by 37%, from 38 ug g
-1
 to 24 
ug g
-1
, although this difference was not significant (Figure 15, p = 0.063).  There was a 
35 
significant decrease in king snake eel BaP metabolite concentration over the two years (Figure 
15, p = 0.025), with the mean concentration decreasing 38% from 260 ng g
-1
 to 160 ng g
-1
. 
 
 
Figure 14.  Change in the mean concentration of biliary PAH metabolites for naphthalene (NPH) 
and benzo[a]pyrene (BaP), tested by a distribution-free analysis of variance, between 2012 and 
2013 for golden tilefish samples collected in the northern Gulf of Mexico.  For NPH 
concentration between 2012 and 2013, p = 0.367.  For BaP concentration between 2012 and 
2013, p = 0.04. 
 
 
Figure 15.  Change in the mean concentration of biliary PAH metabolites for naphthalene (NPH) 
and benzo[a]pyrene (BaP), tested by a distribution-free analysis of variance, between 2012 and 
2013 for king snake eel samples collected in the northern Gulf of Mexico.  For NPH 
concentration between 2012 and 2013, p = 0.063.  For BaP concentration between 2012 and 
2013, p = 0.025. 
 
There are three complete years of biliary PAH data for red snapper (2011 - 2013).  Over 
the three-year period following the DWH event, there was a significant decrease in mean red 
snapper NPH metabolite concentration (Figure 16, p = 0.001).  Between 2011 and 2012, there 
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was a significant 49% decrease from a mean concentration of 120 ug g
-1
 to 61 ug g
-1
 (p = 0.003).  
Between 2012 and 2013, there was a continued decrease in the mean concentration, from 61 ug 
g
-1
 to 51 ug g
-1
, although the difference between 2012 and 2013 was non-significant (p = 0.194).  
Years 2011 and 2013 had statistically different NPH metabolite concentrations (p = 0.003).  Red 
snapper BaP metabolites remained at similar concentrations over the three year study (Figure 16, 
p = 0.282), although mean concentration initially decreased 21% between 2011 and 2012. 
The exponential decline in NPH metabolite concentration in red snapper is perhaps 
indicative of an event of episodic exposure to elevated petrogenic PAHs prior to 2011, and a 
significant decrease in the source of petrogenic PAHs to red snapper since
49
.  A similar, although 
non-significant, decrease in king snake eel NPH metabolite concentration between 2012 and 
2013 also suggests episodic exposure to elevated PAHs.  For both species, these data support a 
scenario of increased NPH contamination in the environment from crude oil following the DWH 
blowout, and as DWH oil degraded in the environment, a decrease in exposure which was 
reflected in a decrease in biliary metabolite concentration in fishes. 
 
 
Figure 16.  Change in the mean concentration of biliary PAH metabolites for naphthalene (NPH) 
and benzo[a]pyrene (BaP), tested by a distribution-free analysis of variance, between 2011 - 
2013 for red snapper samples collected in the northern Gulf of Mexico.  For NPH data, overall p 
= 0.001 and pairwise comparisons gave adjusted p-values, using the Holms-Bonferroni 
transformation, of 2011 verses 2012 (p = 0.003), 2012 verses 2013 (p = 0.194) and 2011 verses 
2013 (p = 0.003).  For BaP data, overall p = 0.282. 
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In comparison, the persistent, and significantly higher, concentrations of NPH 
metabolites in golden tilefish suggests that the source of petrogenic PAHs that tilefish are 
exposed to is not decreasing over time, and is still bioavailable, since biliary PAH metabolites 
indicate recent exposure to PAHs (e.g. days)
19, 42
.  I hypothesize that for golden tilefish, the 
constant source of PAHs is contaminated sediment, which the fish are constantly digging while 
maintaining their burrows with their mouth and body.  If PAHs exist in these sediments and are 
being sequestered by continued sedimentation, the digging behavior of golden tilefish may re-
expose these animals to PAHs, even though other species may not be exposed to the same levels 
in the environment.  Crescent gunnel (Pholis laeta), a small demersal fish, collected from sites 
with persistent oil pollution 10 years after the Exxon Valdez oil spill, showed elevated 
concentrations of biliary LMW PAH metabolites compared to unoiled sites
114
, indicating that oil 
can persist in the environment for many years following an oil spill and biomarkers of exposure, 
specifically biliary PAH metabolites, can still be elevated. 
Repeated sampling at the same longline stations between 2012 and 2013 allowed for 
station-by-station comparisons of PAH metabolite concentrations over time (Figures 17, 18).  At 
station SL 14-60, mean NPH metabolite concentration, in golden tilefish, remained similar 
between 2012 and 2013, decreasing slightly from 230 to 200 ug g
-1
.  Mean BaP metabolite 
concentrations, at SL 14-60 increased over the two years, from 140 to 290 ng g
-1
.  The same 
trends were seen for golden tilefish at SL 9-150, with mean NPH metabolite concentration 
decreasing slightly over time from 240 to 220 ug g
-1
, and mean BaP metabolite concentration 
increasing from 170 to 250 ng g
-1
. 
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Figure 17.  Comparison of polycyclic aromatic hydrocarbon metabolite concentrations for 
naphthalene (NPH) and benzo[a]pyrene (BaP) over time for golden tilefish within two stations in 
the northern Gulf ofMexico that were sampled in 2012 and repeated in 2013. 
 
Within-station comparisons of PAH metabolite concentrations for king snake eel were 
not performed because sample numbers for king snake eel within each site were low and highly 
variable over time.  There were three stations with sufficient sample numbers to compare red 
snapper concentrations, with differing trend, over the two years sampled (Figure 18).  For station 
SL 16-150, the mean concentration of both NPH and BaP metabolites declined between 2012 
and 2013, with mean NPH concentration dropping almost 50%, from 61 to 32 ug g
-1
 and BaP 
concentration dropping from 210 to 130 ng g
-1
.  At station SL 10-40, the mean concentration of 
NPH metabolites did not change, 58 to 66 ug g
-1
, between 2012 and 2013, while the mean 
concentration of BaP metabolites more than doubled from 300 to 730 ng g
-1
.  Station SL 10-40 
has been recognized as a polluted inshore station.  In contrast, a station likely to be less polluted, 
the Madison-Swanson Marine Reserve on the West Florida Shelf (WFS), mean concentrations of 
NPH and BaP metabolites did not change between 2013 and 2014.  At Madison-Swanson, mean 
39 
NPH metabolite concentration increased slightly, from 25 to 29 ug g
-1
, while mean BaP 
concentration also increased slightly from 83 to 120 ng g
-1
, however, these concentrations are 
much lower than those at polluted station SL 10-40. 
 
 
Figure 18.  Comparison of polycyclic aromatic hydrocarbon metabolite concentrations for 
naphthalene (NPH) and benzo[a]pyrene (BaP) over time for red snapper within three stations 
that were sampled in the northern Gulf of Mexico in 2012 and repeated in 2013. 
 
The lack of change in NPH metabolite concentration at station SL 10-40, while the 
overall NPH metabolite concentration for red snapper decreased over time, suggests station SL 
10-40 may be subject to a continual chronic, versus episodic, pollution from several sources, 
while at station SL 16-150, NPH metabolite concentration did decrease over time, suggesting, it 
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could have been exposed to DWH oil or some other episodic contamination, which is degrading 
over time.  In contrast, at the Madison-Swanson Marine Reserve, biliary NPH concentration are 
significantly lower than red snapper sites around the Mississippi River Delta and have not 
decreased over time.  This suggests that the Madison-Swanson Marine Reserve, located on the 
WFS, far from existing oil infrastructure, could be a reference site relatively unaffected by the 
DWH event or other sources of PAH pollution. 
 
Biological Factors Relating to PAH Disposition 
 The relationship between fish sex and biliary PAH metabolite concentration was explored 
for all data as previous research has found differences in PAH metabolism and accumulation 
among sexes, and PAH exposure is known to impact fecundity and hatching success of eggs
20
.  
A difference in PAH metabolite concentration between sex could be due to differences in 
enzyme concentrations.  There are conflicting results as to whether males have higher levels of 
enzymes CYP450, (ethoxyresorufin-0-deethylase (EROD) or aryl hydrocarbon hydroxylase 
(AHH) compared to female fish, which is potentially confounded by state of sexual maturation 
and reproductive hormone levels
20
.  It is also possible that females are offloading PAHs in their 
eggs during spawning, while males are retaining PAHs over time.  I tested the null hypothesis 
that there is no difference in biliary PAH metabolite concentration among sexes.  The only 
significant relationship found was male red snapper have higher NPH metabolite concentrations 
than female red snapper (Figure 19, p = 0.021), with males having an average concentration of 
61 ug g
-1
 and females having an average concentration of 44 ug g
-1
. 
The relationship between fish size and biliary PAH metabolite concentration was also 
explored for the three species, testing the null hypothesis that there is no relationship between 
41 
fish length and biliary PAH concentration.  We hypothesized that if PAH metabolite 
concentration increased with increasing length, then the trans-dermal route of exposure may be 
important due to larger fishes having larger surface area for uptake.  However, if PAH metabolite 
concentration decreased with increasing length, diet may be a more important route of exposure, 
as golden tilefish and red snapper have known ontogenetic shifts in diet.  Fish weight is not 
considered in these analyses as weight was found to vary with length for all three species. 
 
 
Figure 19.  Differences in biliary naphthalene (NPH) metabolite concentration of red snapper, 
caught in the northern Gulf of Mexico, by sex (2012 & 2013), tested by a distribution-free 
analysis of variance (p = 0.015).  Letters (e.g. A, B) denote significant differences between 
groups. 
 
There is a significant negative relationship between golden tilefish fork length and BaP 
metabolite concentration for the 2013 data set (Figure 20, p = 0.004, r = -0.33).  There was also a 
significant negative relationship between king snake eel total length and NPH metabolite 
concentration for the combined 2012 and 2013 dataset (Figure 20, p = 0.001, r = -0.40) and BaP 
metabolite concentration for 2012 (Figure 20, p = 0.002, r = -0.60) and 2013 (Figure 20, p = 
0.002, r = -0.15). 
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For golden tilefish, these results could reflect an ontogenetic shift in diet, from mainly 
benthic invertebrates (e.g. mollusks, echinoderms, crustaceans) in smaller tilefish, to a diet 
including more fish for larger tilefish
82, 83
.  This shift away from consuming benthic invertebrates 
could cause the reduction in biliary BaP concentration as the tilefish grows, as benthic 
invertebrate prey are potentially a greater source of parent PAHs and reactive PAH metabolites, 
compared to fish prey, which have higher metabolism and elimination efficiencies
2, 20, 24, 25, 34, 45, 
54, 115
.  Burrowing behavior of golden tilefish does not change with size, as juvenile golden 
tilefish start to burrow at 10cm length
69, 82
, therefore, burrowing behavior is significant 
throughout a tilefish’s life, and thus not likely to be a factor in the decrease in BaP metabolite 
concentration with length.  The same ontogenetic shift in diet may explain the decrease in biliary 
PAH metabolite concentration as king snake eel increase in length, however, no diet studies have 
been published for the species.  The relationship between length and biliary PAH metabolites 
may also be due to differing metabolic capability between adult and juvenile fish.  Trans-dermal 
exposure is most likely not a major route of exposure for these fishes, as biliary PAH 
concentration did not increase with increasing length. 
 
 
Figure 20.  Correlation between biliary naphthalene (NPH) metabolite concentration and fish 
length for king snake eel (p = 0.001, r = -0.40) and biliary benzo[a]pyrne (BaP) metabolite 
concentration and fish length for both king snake eel (p = 0.002, r = -0.60) and golden tilefish (p 
= 0.004, r = 0.33), sampled in the northern Gulf of Mexico in 2012 and 2013. 
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The relationship between biliary PAH metabolite concentration and condition factor (CF) 
was explored for all data, testing the null hypothesis that there is no relationship between biliary 
PAH concentration and CF.  CF is a numerical indicator of an individual fish’s fitness and 
energy status
116
, that assumes “heavier fish of a given length are in better condition”117. 
CF was calculated by: 
 
CF = 
𝐵𝑜𝑑𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑘𝑔)
𝑙𝑒𝑛𝑔𝑡ℎ (𝑐𝑚)3
 x 100,000 
 
The scaling factor of 100,000 was used to bring CF close to 1.  No relationship was found 
between NPH or BaP metabolite concentration and CF for any of the three study species and I 
fail to reject the null hypothesis. 
The relationship between biliary PAH metabolite concentration and hepato-somatic index 
(HSI) was explored for all data.  HSI is an additional indicator of fish fitness
117
 that is also a 
proxy for energy status, as the liver stores energy reserves (e.g. glycogen) in fishes
116
.  HSI was 
calculated by: 
 
HSI = 
𝐿𝑖𝑣𝑒𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑘𝑔)
𝑙𝑒𝑛𝑔𝑡ℎ (𝑐𝑚)3
 x 100,000 
 
Red snapper biliary BaP metabolite concentration and HSI were negatively correlated (Figure 
21, r = -0.29, p = 0.037), meaning with higher concentration of biliary BaP metabolites, the 
liver/body weight ratio decreases, although the correlation coefficient was weak.  This may be an 
indicator that energy storage in the liver is compromised as red snapper are exposed to BaP, with 
the potential to disrupt liver function and impact individual fitness. 
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Figure 21.  Correlation between hepato-somatic index and biliary benzo[a]pyrene (BaP) 
metabolite concentration for red snapper sampled in the northern Gulf of Mexico 2011 – 2013 (p 
= 0.037, r = -0.29). 
 
Spatial Variation in Biliary PAH Metabolite Concentration 
 Spatial variability in biliary PAH metabolite concentration was explored because 
sampling design included diverse regions of the GoM, including longline stations in the northern 
GoM in the area where DWH surface oil was found, stations in the northern GoM where DWH 
oil was not found and stations on the WFS, where little to no petrogenic PAH contamination is 
expected.  With a wide range of spatial variation in sampling location, it’s expected to see spatial 
differences in biliary PAH concentration. 
Spatial variability of biliary PAH metabolite concentration was first examined by 
forming a priori regional groupings of longline station locations and testing the differences in 
biliary PAH metabolite concentration among them, with a null hypothesis that there is no 
difference in biliary PAH metabolite concentration among regions.  Following that analysis, 
biliary PAH data were then mapped by each station, to visualize the levels across the GoM. 
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 Stations catching golden tilefish were grouped into three regions: stations off of the 
Mississippi River (MR), stations around the De Soto canyon (DC) and stations on the WFS 
(Figure 22).  I failed to reject the null hypothesis for NPH as there was no difference in biliary 
NPH metabolite concentration between these three regions (p = 0.102, Figure 23).  However, the 
null hypothesis was rejected for BaP metabolite concentrations, because there was a difference in 
BaP metabolite concentration between the regions (p = 0.012, Figure 23), with the WFS region 
having significantly higher biliary BaP metabolite concentrations than both the Mississippi River 
and De Soto canyon groupings (p = 0.024, p = 0.044 respectively).  The Mississippi river and De 
Soto Canyon groupings were statistically similar (p = 0.214).  However, the WFS grouping only 
contained four golden tilefish samples, with some individuals reaching extreme concentrations 
(over 3000 ng g
-1
 BaP equivalents), not seen at other stations.  Golden tilefish PAH metabolite 
concentrations show a general trend of increasing PAH metabolite concentration further up the 
De Soto canyon (Figure 24). 
 
 
Figure 22.  Map of a priori regional site groupings, used in distribution-free analysis of 
variance, for longline stations for golden tilefish.  Left to right: Mississippi River (MR), De Soto 
canyon (DC) and West Florida Shelf (WFS) groups. 
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Figure 23.  Comparison of golden tilefish biliary polycyclic aromatic hydrocarbon metabolite 
concentration for naphthalene (NPH) and benzo[a]pyrene (BaP) across the three regional groups 
(Mississippi River, De Soto Canyon and West Florida Shelf (WFS)), testing by distribution-free 
analysis of variance.  For NPH metabolite concentration, p = 0.102.  For BaP metabolite 
concentration, overall p = 0.012 and pairwise comparisons gave adjusted p-values, using the 
Holms-Bonferroni transformation, of Mississippi River verses De Soto Canyon (p = 0.241), 
Mississippi River verses West Florida Shelf (p = 0.024) and De Soto Canyon verses West 
Florida Shelf (p = 0.044).  Letters (e.g. A, B) denote significant differences between groups. 
 
 
Figure 24.  A) Map of mean naphthalene (NPH) metabolite concentration for golden tilefish by 
station, collected in the northern Gulf of Mexico 2012 – 2013, B) Map of mean benzo[a]pyrene 
(BaP) metabolite concentration for golden tilefish by station, collected in the northern Gulf of 
Mexico 2012 - 2013.  Stations with low n are identified. 
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Stations catching king snake eel were grouped into three regions: west of the Mississippi 
River (WMR), east of the Mississippi River (EMR) and the De Soto canyon (DC) (Figure 25).  
Again, the hypothesis tested was that there is no difference in biliary PAH metabolite 
concentration among regions.  It was found that there was no significant difference in NPH (p = 
0.464) or BaP metabolite concentration (p = 0.355) by region (Figure 26), and we fail to reject 
the null hypothesis.  No king snake eel were obtained from the WFS.  King snake eel NPH and 
BaP metabolite concentrations are comparatively low across all stations except for station SL 10-
40 (Figure 27).  Relatively low PAH metabolite concentration at most other stations could 
indicate the king snake eel biliary PAH concentrations are approaching their baseline level, 
although baseline is unknown. 
 
 
Figure 25.  Map of a priori regional site groupings, used in distribution-free analysis of 
variance, for longline stations for king snake eel.  Left to right: West Mississippi River (WMR), 
East Mississippi River (WMR) and De Soto canyon (DC) groups. 
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Figure 26.  Comparison of king snake eel biliary polycyclic aromatic hydrocarbon metabolite 
concentration for naphthalene (NPH) and benzo[a]pyrene (BaP) across the three regional groups 
(West Mississippi River, East Mississippi River and De Soto Canyon), testing by distribution-
free analysis of variance.  For NPH metabolite concentration, p = 0.464.  For BaP metabolite 
concentration, p = 0.355. 
 
 
Figure 27.  A) Map of mean naphthalene (NPH) metabolite concentration for king snake eel by 
station, collected in the northern Gulf of Mexico 2012 – 2013, B) Map of mean benzo[a]pyrene 
(BaP) metabolite concentration for king snake eel by station, collected in the northern Gulf of 
Mexico 2012 - 2013. 
 
 Stations catching red snapper were grouped into two regions: Mississippi River (MR) and 
WFS (Figure 28), testing the null hypothesis that there is no difference in biliary PAH metabolite 
concentration between the two regions.  Both NPH and BaP metabolite concentrations were 
significantly different between the two regions (p = 0.001, p = 0.001 respectively), with higher 
concentrations in the Mississippi River region for both NPH and BaP metabolites (Figure 29, 
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Figure 30), therefore, we reject the null hypothesis.  The mean concentration of biliary NPH 
metabolites in the Mississippi River region is 58 ug g
-1
 versus 33 ug g
-1
 in the WFS region, and 
the mean concentration of BaP in the Mississippi River region is 420 ng g
-1
 versus 110 ng g
-1
 in 
the WFS region.  Stations with highest concentration are SL 10-40 and station He-265.  Station 
He-265 was sampled in 2013 only and is the location of the July 2013 Hercules 265 natural gas 
platform blowout, therefore, elevated biliary PAH metabolites are expected as fish at station He-
265 were likely exposed to PAHs following the Hercules 265 blowout. 
 
 
Figure 28.  Map of a priori regional site groupings, used in distribution-free analysis of 
variance, for longline stations for red snapper.  Left to right: Mississippi River (MR) and West 
Florida Shelf (WFS) groups. 
 
Hypothesis testing revealed that red snapper caught on the WFS had lower biliary PAH 
metabolites compared to red snapper caught closer to the Mississippi River, extant oil 
infrastructure and the DWH event.  Additionally, the Mississippi River region stations showed a 
decrease in PAH concentration over time, suggesting episodic exposure to an elevated source of 
PAHs, whereas concentrations in the Madison-Swanson Marine Reserve on the WFS have not 
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decreased over time (NPH: p = 0.64, BaP: p = 0.17).  Therefore, these stations on the WFS may 
represent baseline biliary PAH metabolite concentration for red snapper in the GoM, although 
baseline is unknown, and areas relatively unaffected by DWH contamination or heavy PAH 
pollution from other sources, compared to station SL 10-40. 
 
 
Figure 29.  Comparison of red snapper biliary polycyclic aromatic hydrocarbon metabolite 
concentration for naphthalene (NPH) and benzo[a]pyrene (BaP) across the two regional groups 
(Mississippi River and West Florida Shelf (WFS)), testing by distribution-free analysis of 
variance.  For NPH metabolite concentration, p = 0.001.  For BaP metabolite concentration, p = 
0.001.  Letters (e.g. A, B) denote significant differences between groups. 
 
 
Figure 30.  A) Map of mean naphthalene (NPH) metabolite concentration for red snapper by 
station, collected in the northern Gulf of Mexico 2012 – 2013, B) Map of mean benzo[a]pyrene 
(BaP) metabolite concentration for red snapper by station, collected in the northern Gulf of 
Mexico 2012 - 2013. 
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Environmental Rationale for Biliary PAH Trends 
Distance from the Deepwater Horizon 
 Following an episodic event, such as the DWH blowout, you would expect to see spatial 
trends in PAH exposure, and potentially, a gradient with distance from the DWH well.  I tested 
the null hypothesis that there is no linear relationship between distance from the DWH event and 
biliary PAH metabolite concentration.  However, with other sources of PAH pollution in the 
GoM (e.g. oil infrastructure, natural seeps, transportation), and non-linear oceanographic 
processes, such as transport, it is expected the relationship is not linear. 
The relationship between 2D distance from the DWH explosion, measured in ArcMap, 
and average biliary NPH and BaP metabolite concentration by species at each station was 
examined by correlation.  For all three species, no significant correlations were found and we fail 
to reject the null hypothesis.  Although, biliary PAH concentrations from red snapper samples 
were lower on the WFS than the northern GoM, there was still no significant relationship with 
distance from the DWH for red snapper samples.  This may be due to low sample numbers on the 
WFS and non-linear processes, such as transport of dissolved PAHs and atmospheric PAHs is 
not expected to be linear. 
 
 PAH Concentration in Sediment 
 PAH concentration in the sediment is available for a subset of the 2012 and 2013 
longlining stations (I. Romero, personal communication) since the longline disease surveys were 
undertaken with coincident sediment coring surveys.  To obtain sediment cores, a multicorer was 
deployed at the start location of each longline set.  Subsamples of each sediment core were taken 
in 2mm increments down-core and PAH concentrations were determined via GC/MS
6
.  To 
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compare to biliary PAHs, for golden tilefish and king snake eel, PAH concentration in sediment 
was summed for the top 65mm of the sediment core, believing these fish would interact at least 
to this level.  For the red snapper, PAH concentrations in sediment were summed for the top 
25mm (1 inch) of the sediment core, as red snapper should not be interacting with sediments as 
deep as the burrow-forming golden tilefish and king snake eel. 
The influence of PAH concentrations in sediment on biliary PAH concentration was 
examined for all three species (Figure 31), testing the null hypothesis that there is no relationship 
between the total concentration of PAHs in sediment and total biliary PAH metabolite 
concentration.  Although there are only sediment PAH data for four stations where golden 
tilefish occurred, there is a positive, though non-significant (r = 0.61, p = 0.474), relationship 
between sediment concentration of total PAHs and total biliary PAH concentration.  There are 
negative, non-significant, relationships between sediment total PAH concentration and total 
biliary PAH concentration for both red snapper (r = -0.56, p = 0.187) and king snake eel (r = -
0.17, p = 0.771). 
Our results did not replicate the strong correlation between biliary FACs in demersal fish 
and sediment PAH concentration found in the Elizabeth River, Virginia
101
, however, that study 
measured sediment PAH concentrations ranging over four orders of magnitude and most likely 
sampled sediments very closely to where the fish were captured, since fish were captured by trap 
or trawl.  The longline stations sampled in this study span 5nm, and over that 5nm, one sediment 
core is taken to represent the station.  This potential offset in space between sediment and fish 
sampling may be contributing to the lack of relationship found between sediment PAH 
concentration and biliary PAH concentration.  Also, individual differences, such as rates of 
uptake and metabolism, or diet, have been reasoned as why other studies have not found strong 
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correlations between sediment PAH and biliary PAH levels
29, 46, 114
.  For both golden tilefish and 
king snake eel, we hypothesize sediment and prey as routes of exposure to PAHs and 
disentangling the two may be complex. 
 
 
Figure 31.  Correlation between total sediment polycyclic aromatic hydrocarbon (PAH) 
concentration (ng g
-1
 dry weight) and total PAH concentration for golden tilefish (r = 0.61, p = 
0.474), king snake eel (r = -0.17, p = 0.771) and red snapper (r = -0.56, p = 0.187) sampled in the 
northern Gulf of Mexico 2012 – 2013. 
 
 Sediment Type 
Next, I examined the relationship between dominant sediment type and biliary PAH 
metabolite concentration, in order to further understand the relationship between concentration of 
PAHs in sediment and in bile.  I used the NOAA Gulf of Mexico Data Atlas’ Dominant Bottom 
Types data base (http://www.ncddc.noaa.gov/website/DataAtlas/atlas.htm) to determine the 
dominant sediment type for each longline station using ArcMap.  The data base had bottom 
sediment type categorized by percent-by weight for gravel, sand, rock and mud.  Mud is defined 
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as having a “sediment size fraction finer than 63µm”, sand sediment size fraction is 63µm – 
2mm, gravel 2mm – 156mm and rock is anything greater than 256mm118.  For most stations, one 
sediment type was dominant and used in analysis.  The Atlas noted a strong divide between 
sand-dominated areas in the east, near the Florida and Alabama coasts, and mud-dominated areas 
in the west off of Louisiana and Texas
118
.  Our longline stations span from Florida to Louisiana, 
overlapping mud, sand and gravel bottom types, therefore, I was able to analyze the impact of 
sediment type on biliary PAH metabolite concentration and on concentration of PAHs in 
sediment. 
For the 10 stations where golden tilefish occurred, three had a dominant bottom type of 
sand (SL 14-60, SL 11-150, SL 7-150), one of gravel (SL 14-100) and six of mud (SL 9-150, SL 
9-80, SL 8-100, SL 5-100, SL 5-200, SL 12-100).  A significant difference in NPH metabolite 
concentration by dominant sediment type was evident (Figure 32, p = 0.002).  Biliary NPH 
metabolite concentration at sand and mud sites are significantly higher than at the gravel site (p = 
0.018, p = 0.006 respectively).  Sand versus mud sites were also found to be significantly 
different, with mud sites exhibiting higher biliary NPH concentration (p = 0.044).  However, no 
difference in BaP metabolite concentration was found among stations by sediment type (Figure 
32, p = 0.257). 
For stations with positive king snake eel catches, the dominant sediment type was most 
often mud (SL 9-150, SL 9-80, SL 8-100, SL 10-40, SL 12-100, He-265, SL 16-150, GP3), with 
few catches in sand (SL 14-60, SL 11-150, PCB03-100).  No statistical tests were run to 
determine the relationship between sediment type and biliary PAHs, however, the data are 
graphed in Figure 33.  There is no clear difference in biliary PAH concentration between sand 
and mud dominated sites. 
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Figure 32.  Comparison of golden tilefish polycyclic aromatic hydrocarbon metabolite 
concentrations for naphthalene (NPH) and benzo[a]pyrene (BaP) by dominant sediment type at 
the station sampled, tested by distribution-free analysis of variance.  For NPH, overall p = 0.002 
and pairwise comparisons gave adjusted p-values, using the Holms-Bonferroni transformation, of 
sand verses gravel (p = 0.018), sand verses mud (p = 0.044) and gravel verses mud (p = 0.006).  
For BaP metabolite concentration, p = 0.257.  Letters (e.g. A, B, C) denote significant 
differences between groups. 
 
 
Figure 33.  Comparison of king snake eel polycyclic aromatic hydrocarbon metabolite 
concentration for naphthalene (NPH) and benzo[a]pyrene (BaP) by dominant sediment type at 
the station sampled. 
 
No statistical analyses were performed for the relationship between dominant sediment 
type and red snapper biliary PAHs.  For stations where red snapper were caught, dominant 
sediment types were mud (SL 16-150, SL 10-40, He-265), sand (SL 8-40, SL 4-40) and rocky 
reef (Madison-Swanson Marine Reserve).  However, in the Madison-Swanson Marine Reserve, 
where fish were caught on rocky-reef substrate, red snapper samples had lower biliary PAH 
concentration than samples from predominantly sand or mud sites (Figure 34). 
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Figure 34.  Comparison of red snapper polycyclic aromatic hydrocarbon metabolite 
concentration for naphthalene (NPH) and benzo[a]pyrene (BaP) by dominant sediment type at 
the station sampled. 
 
 If sediment contamination is a vector of PAH exposure, it is expected that sediment type 
might influence PAH exposure.  Bile samples from both golden tilefish site (SL 14-100, gravel) 
and red snapper site (Madison-Swanson, rocky-reef), were found to have lower biliary PAH 
metabolites, compared to other stations with mud or sand dominated sediment.  Golden tilefish 
typically prefer to live in areas where the sediments are fine grained
119
, not gravely, however, 
they have been observed using gravel and rocks as habitat
69
.  At site SL 14-100, where the 
dominant sediment type is gravel, the LMW PAH concentration are the lowest in both biliary 
metabolites and sediment concentrations (Figures 32 and 35).  This may be because golden 
tilefish would not dig vertical burrows in gravel-based sediments, therefore, may not be ingesting 
contaminated sediment.  Golden tilefish at SL 14-100 may be utilizing rocks, boulders or other 
relief, as structure, instead of digging vertical burrows, therefore, their exposure to PAH 
contamination through sediment may be less than at other stations. 
Sediment type also appears to influence the concentration of PAHs in the sediment
106, 107
 
(Figure 35).  Stations with the highest concentrations of PAHs in the sediment have a dominant 
sediment type of mud, while the stations with mostly sand or gravel had the lowest 
concentrations of PAHs in sediment.  The lowest accumulation of sediment PAHs at site SL 14-
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100 (gravel) is correlated with low biliary PAH metabolite concentrations in golden tilefish.  
Even though bioavailability of PAHs is expected to be highest at the gravel site, the 
concentration, in both bile and sediment, is very low compared to other sites. 
 
 
Figure 35.  Sediment polycyclic aromatic hydrocarbon (PAH) concentration, for total PAHs, 
high molecular weight (HMW) PAHs, low molecular weight (LWM) PAHs and benzo[a]pyrene 
(BaP) by station with the dominant sediment type at each station noted, sampled in the northern 
Gulf of Mexico in 2012. 
 
 Wind Direction 
 More than 400 in situ burns were started approximately 25 - 55 miles offshore of 
Louisiana, between 4/28/2010 and 7/19/2010, to reduce the amount of oil in the environment 
following the DWH event
120
 .  The burning of crude oil is known to produce HMW PAHs, 
including BaP
13, 26
, and combustion processes are thought to be a main contributor to PAHs in 
environment
13
.  Therefore, wind direction was examined as a mechanism of potential transport of 
pyrogenic PAHs in order to understand the spatial concentrations of PAH metabolites.  Wind 
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speed (m s
-1
) and direction (“the direction the wind is coming from in degrees clockwise from 
true N”) data were derived from NOAA’s National Data Buoy Center, using the closest NOAA 
buoy to the DWH, buoy Station 42040, located 33 nm NW of the DWH location.  Wind speed 
and direction data was selected only for days where in situ burning occurred, and the volume of 
burned oil exceeded 10,000 barrels
120
. 
 It appears that winds were predominantly from the southwest, blowing in the northeast 
direction, during active oil burns following DWH (Figure 36).  This direction and intensity 
correlates with an increasing gradient of high concentrations of biliary HMW PAHs to the 
northeast of DWH and into the De Soto Canyon for golden tilefish (Figure 24). 
 
 
Figure 36.  Plot of wind direction (compass degrees) and wind speed (m s
-1
) occurring during 
the in situ controlled burns following the Deepwater Horizon blowout in the Gulf of Mexico, 
4/28/2010 – 7/19/2010. 
 
A study by the EPA and NOAA studied dispersion and deposition of the toxic class of 
chemicals, dioxins, following the DWH in situ burns using NOAA’s HYSPLIT atmospheric fate 
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and transport model
121
.  Their modelled results also show the potential for toxic dioxin 
compounds, which could have been formed during the in situ burns, to travel to areas mainly 
northeast of the DWH site, offshore of Mississippi and Alabama, on the continental shelf. 
 
Multivariate Analyses 
 Multivariate testing was performed to lower the possibility of type I errors associated 
with running numerous univariate tests.  A suite of explanatory variables (fish length, sex, 
longline station location and dominant sediment type) were examined in a distance-based 
redundancy analysis (db-RDA) for their relationship with response variables biliary NPH and 
BaP metabolite concentration, testing the null hypothesis that there is no relationship between 
the explanatory variables and the response variables.  The db-RDA was significant for golden 
tilefish (p = 0.003, R
2
 = 0.50), red snapper (p = 0.001, R
2
 = 0.56) and king snake eel (p = 0.011, 
R
2
= 0.47), and we reject the null hypothesis and state that the suite of explanatory variables 
partially explains biliary PAH metabolite concentrations. 
For the db-RDA on golden tilefish data, station SL 7-150 was eliminated due to low 
sample sizes, and neighboring stations SL 5-100 and SL 5-200 were combined into station “SL 
5-X00”, again due to due to low sample sizes.  For the db-RDA on king snake eel data, stations 
SL 11-50, SL 12-100 and PBC03-100 were eliminated due to low n, and gender was not included 
as king snake eel gender cannot be accurately determined for many of the individuals.  For the 
db-RDA on red snapper data, stations SL 4-40 and Madison-Swanson were combined into a 
“WFS” station due to low sample sizes.  Distance biplots from each db-RDA are in figures 37, 
38 and 39. 
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Figure 37.  Distance-based redundancy analysis distance biplot of golden tilefish data, from 
samples collected in the northern Gulf of Mexico in 2013.  Red vectors represent the explanatory 
variabiles (station, fish length, sex, dominant sediment type) and green vectors represent the 
response variables (biliary naphthalene (NPH) and benzo[a]pyrene (BaP) metabolite 
concentration).  Canonical axis I explains 37.91% of the variation in the response variables, 
while canonical axis II explains 12.53% of the variation. 
 
 
Figure 38.  Distance-based redundancy analysis distance biplot of king snake eel data, collected 
in the northern Gulf of Mexico in 2013.  Red vectors represent the explanatory variables (station, 
fish length, dominant sediment type and green vectors represent the response variables (biliary 
naphthalene (NPH) and benzo[a]pyrene (BaP) metabolite concentration).  Canonical axis I 
explains 56.46% of the variation in the response variables, while canonical axis II explains 
2.81% of the variation. 
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Figure 39.  Distance-based redundancy analysis distance biplot of red snapper data, collected in 
the northern Gulf of Mexico in 2013.  Red vectors represent the explanatory variables (station, 
fish length, sex, dominant sediment type) and green vectors represent the response variables 
(biliary naphthalene (NPH) and benzo[a]pyrene (BaP) metabolite concentration).  Canonical axis 
I explains 49.71% of the variation in the response variables, while canonical axis II explains 
5.86% of the variation. 
 
The db-RDA distance biplot on golden tilefish data (Figure 37) shows variation mainly 
on canonical axis I, 37.91% of variation explained, while canonical axis II explains 12.53% of 
the variation.  NPH and BaP metabolite concentrations vary slightly along axis I, with higher 
concentrations pointing to the right side of canonical axis I.  Looking on canonical axis I, 
longline stations are grouped, with stations SL 8-100 and SL 5-X00 having highest 
concentrations of both NPH and BaP metabolites.  Stations SL 11-150 and SL 14-100 are 
grouped on the opposite end of canonical axis I, showing lower concentrations of NPH and BaP 
metabolites.  The db-RDA also identified dominant sediment type as an important factor in the 
separation of groups, with the vector for “mud” as the dominant sediment type grouped with the 
higher metabolite concentrations, while “sand” and “gravel” are on the opposite end of canonical 
axis I, grouped with the lower concentrations of PAH metabolites.  Another observations on the 
distance biplot is that with increasing length, there is decreasing BaP metabolite concentrations.  
Sex of golden tilefish does not appear to influence NPH or BaP metabolite concentrations. 
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 The db-RDA distance data for king snake eel data (Figure 38) shows variation mainly on 
canonical axis I, with 56.5% of variation explained on axis I, while canonical axis II explains 
2.81% of the variation.  NPH and BaP metabolites vary very slightly along axis I, with higher 
concentrations pointing to the right side of canonical axis I.  The weak variation of NPH and BaP 
metabolites along the dominant canonical axis I suggests that NPH and BaP metabolite 
concentrations do not vary greatly among king snake eel samples.  However, the distance biplot 
(Figure 38) does show that stations SL 10-40 and He-265, dominantly mud stations and smaller 
king snake eels have higher concentrations of NPH and BaP metabolites. 
The db-RDA distance biplot for red snapper data (Figure 39) shows variation mainly on 
canonical axis I, 49.7% of variation explained, while canonical axis II explains 5.9% of the 
variation.  Results of the red snapper and king snake eel db-RDAs are similar.  NPH and BaP 
metabolites vary slightly along axis I, with higher concentrations pointing to the right side of 
canonical axis I.  The weak variation of NPH and BaP metabolites along the dominant canonical 
axis I suggests that NPH and BaP metabolite concentrations do not vary greatly among red 
snapper samples.  However, the distance biplot (Figure 39) does show that stations SL 10-40 and 
He-265, dominantly mud stations, male red snapper and smaller red snapper have higher levels 
of NPH and BaP metabolites.  Female red snapper, large red snapper, stations SL 16-150 and 
WFS, and dominantly rocky or mixed sediment type stations have lower concentrations of NPH 
and BaP metabolites.  Overall, the relationships observed in the db-RDA distance biplots for all 
three study species were also seen by univariate testing. 
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Comparison to Historical Biliary PAH Data 
 C-IMAGE Disease Survey Samples 
 Twenty two bile samples from the same C-IMAGE disease survey longline cruises (2012 
- 2013) have been analyzed from additional species of fish, including, little tunny (Euthynnus 
alletleratus), snowy grouper, blackfin tuna (Thunnus atlanticus), southern hake, gulf hake and 
red grouper.  These additional species were grouped into categories of Scombridae (little tunny, 
blackfin tuna; n = 3), Epinephelus sp. (snowy and red grouper; n = 8) and Urophycis sp. 
(southern and gulf hake; n = 2) and compared to the three study species (Figure 40).  Scombrids 
are large pelagic species while Epinephelus and Urophycis sp. are demersal fishes. 
 
 
Figure 40.  Polycyclic aromatic hydrocarbon metabolite concentrations for naphthalene (NPH) 
and benzo[a]pyrene (BaP) comparing the three study species to other samples sampled on the 
same longlining cruises in the northern Gulf of Mexico in 2012 and 2013.  Scombridae includes 
little tunny and blackfin tuna (n=3), Epinephelus sp. includes snowy and red grouper (n=8) and 
Urophycis sp. includes southern and gulf hake (n=2). 
 
 Comparing golden tilefish LMW biliary PAH concentrations to these additional species, 
sampled in the same region and the same time, golden tilefish consistently have the highest 
concentrations of LMW biliary PAHs, being, on average, three times higher than Scombridae, 20 
times higher than Epinephelus sp. and 24 times higher than Urophycis sp. sampled.  In contrast, 
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HMW biliary PAH concentrations are comparable between all species analyzed.  These 
comparisons further suggest that golden tilefish have additional routes of exposure to petrogenic 
PAH pollution and that all species are exposed to similar concentrations of BaP in the 
environment.  This conclusion further supports that LMW and HMW PAH pollution is coming 
from different sources and that HMW pollution is near its unknown baseline. 
 
Gulf of Mexico Biliary PAH Data 
 While there has never been a comprehensive survey of biliary PAHs of GoM fishes to 
date, two published data sets are available for comparison, although they sampled different 
species in different regions at different times.  In 1993 - 1994, researchers sampled fish bile near 
natural gas rigs off of Galveston, Texas, as part of the Gulf of Mexico Offshore Operations 
Monitoring Experiment (GOOMEX)
67
.  The GOOMEX study trawled near gas platforms (<100 
meters, N) and farther from gas platforms (>3,000 meters, F).  Fish sampled include anchor 
tilefish (Caulolatilus intermedius), rock sea bass (Centropristis philadelphica), sand seatrout 
(Cynoscion arenarius), Mexican flounder (Cyclopsetta chittendeni), pinfish (Lagodon 
rhomboides), slantbrow batfish (Ogcocephalus declivirostris), longspine scorpionfish (Pontinus 
longispinus), wenchman (Pristipomoides aquilonaris), and inshore lizardfish (Synodus foetens).  
The study generally found no significant differences in biliary PAH metabolites existed between 
near/far (N/F) stations
67
.  They also noted that sediment PAH concentrations measured as part of 
the study were relatively low, with a mean level 280 ng g
-1
.  In comparison, total sediment PAHs 
obtained near our longlinine stations ranged from 690 - 7900 ng g
-1
 dry weight in the top 65mm 
of sediment, with a mean value of 3600 ng g
-1
 dry weight, much higher than concentrations in 
the sediment found by GOOMEX in 1993. 
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The second baseline data set is from a set of NOAA seafood safety assessments just 
offshore of Louisiana in 2005 following Hurricane Katrina
63
.  The authors compared pre- and 
post-Katrina sets of biliary PAH data for Atlantic croaker (Micropogonias undulatus), taken 
from Mississippi Sound and the Mississippi River Delta. 
Of all available data for the GoM, golden tilefish have the highest average concentration 
of biliary NPH metabolites recorded (Figure 41).  The biliary NPH concentrations from the 1993 
GOOMEX study are similar to the post-DWH red snapper concentrations, although, still lower 
than the post-DWH golden tilefish samples (Figure 41).  The biliary NPH concentrations from 
pre- and post-Katrina are similar to those measured in this study, but slightly higher than the 
post-DWH red snapper concentrations, and approaching the mean concentration of golden 
tilefish NPH metabolites (Figure 41).  King snake eel NPH metabolite concentrations are the 
lowest out of all locations and species sampled in the GoM, in contrast, golden tilefish NPH 
metabolite concentrations are the highest (Figure 41).  Comparing BaP metabolite data from the 
current study to those of the two previous GoM baseline data sets, the post-DWH concentrations 
and the 1990’s GOOMEX concentrations are similar, while higher concentrations of BaP 
metabolites were measured, in Atlantic croaker, off of the Mississippi River Delta before and 
after Hurricane Katrina (Figure 42). 
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Figure 41.  Comparison of biliary naphthalene (NPH) metabolite concentration measured by the 
Gulf of Mexico Offshore Operations Monitoring Experiment (GOOMEX) study done off of 
Texas, USA, in 1993, using an assortment of fish species
67
, NOAA assessments off of the 
Mississippi River Delta pre and post hurricane Katrina, using Atlantic croaker
63
 and the current 
study (post-Deepwater Horizon (DWH)). 
 
 
Figure 42.  Comparison of biliary benzo[a]pyrene (BaP) metabolite concentration measured by 
the Gulf of Mexico Offshore Operations Monitoring Experiment (GOOMEX) study done off of 
Texas, USA, in 1993, using an assortment of fish species
67
, NOAA assessments off of the 
Mississippi River Delta pre and post hurricane Katrina, using Atlantic croaker
63
 and the current 
study (post-Deepwater Horizon (DWH)). 
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 International Biliary PAH Data 
 Data were compiled for all studies that used the same method (HPLC-F) to quantify 
biliary PAH metabolite concentration in fish, including studies of three other oil spills, six 
polluted estuaries, three GoM locations and one “pristine” site upstream of a Columbia River oil 
spill (Table 6; Figures 43 and 44) 
 
Table 6.  Descriptions and references for the studies used in the international biliary PAH data 
comparison in Figures 43 and 44. 
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Figure 43.  Comparison of biliary naphthalene (NPH) and phenanthrene (PHN) metabolite 
concentration between post-Deepwater Horizon golden tilefish sampled in the northern Gulf of 
Mexico (GoM) in 2012, red snapper sampled in 2011 and king snake eel sampled in 2012, to 
other oil spills, polluted estuaries and one pristine site on the Columbia River. 
 
 
Figure 44.  Comparison of biliary benzo[a]pyrene (BaP) between post-Deepwater Horizon 
golden tilefish sampled in 2012, red snapper sampled in 2011 and king snake eel sampled in 
2012, metabolite concentration to other oil spills, polluted estuaries and one pristine site on the 
Columbia River. 
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 Golden tilefish biliary LMW PAH metabolite concentration, two years post-DWH, were 
near the top of the ranking of comparable data, only falling below data from pink salmon 
(Oncorhynchus gorbuscha) sampled immediately after the Exxon Valdez oil spill
62
 and from an 
assortment of species from a polluted channel (São Sebastião channel) in São Paulo, Brazil that 
serves as the largest petroleum terminal in that country, frequently experiencing oil spills and 
discharge
65
 (Figure 43).  Thus golden tilefish, an offshore species sampled beginning two years 
after the DWH blowout, are exposed to levels of petrogenic PAH pollution similar to previous 
inshore oil spills and polluted estuaries such as the São Sebastião channel and Los Angeles.  
Golden tilefish LMW PAH metabolite concentrations are higher than those reported from 
inshore fish caught in the GoM before and after Hurricane Katrina.  This is, again, indicative of 
an elevated source of petrogenic PAH pollution offshore, near the continental shelf edge where 
golden tilefish dig their burrows, even though PAH pollution and oil spillages in the marine 
environment has been described as localized in coastal waters, estuaries and rivers
20, 54
.  Red 
snapper and king snake eel LMW biliary PAH metabolite concentrations rank much lower, 
closer to previous GoM data from 1993, with king snake eel levels being very close to the 
relatively unpolluted site in the Columbia River (Figure 43). 
 For biliary BaP metabolites, all three species have concentrations on the lower half of the 
ranking, very similar to the 1993 GoM data and the unpolluted site in the Columbia River, much 
lower than the highly polluted estuaries, Columbia River oil spill and inshore fish samples taken 
post-Hurricane Katrina (Figure 44).  Again, suggesting BaP levels are at baseline in the three 
study organisms in the GoM. 
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Potential Sources of PAH Pollution 
The most likely source of petrogenic pollution affecting the three species analyzed is the 
DWH blowout.  Other sources of LMW PAH pollution in the GoM (natural seeps, coastal and 
atmospheric deposition and leaky infrastructure) have been evaluated and reasoned relatively 
minor contributors to modern large-scale LMW PAH pollution in the GoM
49
.  In 2010, the DWH 
event dominated the GoM oil budget, accounting for 88% of the total input
49
 and DWH oil has 
been found to be persistent in GoM sediments, marsh and beach habitats
8-11
.  Previous studies 
concluded that natural oil seeps must account for less than 1/3 of the annual oil budget in the 
GoM, and are mostly found offshore of the continental shelf, far from our longline stations
49
.  
Coastal and atmospheric inputs have a different PAH profile compared to the PAH profile found 
in red snapper liver samples, while the PAH profile of the liver samples strongly matched the 
PAH profile of DWH oil
49
.  The phenomenon of consistency between relative PAH 
concentration, for different PAHs and their alkylated homologs, in samples of the oil spilled, and 
PAH composition seen in fish tissues, was also seen in pink salmon carcasses and viscera 
following the Exxon Valdez oil spill
122
.  Lastly, leaky infrastructure should have limited impact 
as previous studies have concluded any contamination should remain locally (e.g. < 1km away 
from the source)
49, 123
.  Therefore, it is most likely that the petrogenic PAH pollution seen in 
these demersal fishes, highly persistent in golden tilefish, is due to residual contamination from 
the DWH blowout. 
In a study following an oil spill in the Columbia River in 1984, biliary NPH metabolite 
concentration was reported as 200,000 ng g
-1
, PHN at 210,000 ng g
-1
, while BaP was 2100 ng g
-1 
61
.  Researchers related the strong dominance of the LMW PAH metabolites to the main source 
of PAH pollution from the oil spill
61
.  The same conclusion was reached following the Exxon 
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Valdez oil spill
53
, following a diesel spill off of Antarctica
124
 and following a crude oil spill off of 
Tabasco, Mexico
125
.  This dominance of LMW PAH metabolites occurs in the bile samples in 
this study (Tables 3, 4 and 5), indicating exposure to high levels of petrogenic pollution.  
Previous studies have related the relative levels of NPH, PHN and BaP biliary metabolites to the 
source of parent PAHs in the environment
53, 65, 66
.  Higher concentrations of the LMW PAHs 
(e.g. NPH and PHN) correspond to petrogenic sources of PAHs, in contrast, dominant BaP 
metabolites represent a pyrogenic source.  Although, BaP is present in small concentrations in 
DWH source oil
23
.The strong correlation between NPH and PHN biliary metabolites (Figure 7) 
versus the weak correlation between NPH and BaP biliary metabolites (Figure 8) also suggests 
that the LMW PAH pollution and the HMW PAH pollution is from different sources (e.g. 
petrogenic verses pyrogenic).  In addition, the different inter-species trends seen for LMW 
biliary PAH metabolites verses HMW biliary PAH metabolites, biliary BaP metabolite 
concentrations are similar among the three study species, whereas NPH equivalents were not 
similar, again, suggests they are coming from different sources. 
However, bioavailability and metabolism differences between LMW and HMW PAHs 
could be responsible for this trend.  Petrogenic PAHs are thought to be more bioavailable than 
pyrogenic PAHs which could be contributing to the strong difference in LMW and HMW PAH 
metabolite concentrations
14, 34, 100
 .  Studies have shown greater uptake of LMW PAHs compared 
to HMW PAHs in three species of fish
33
 and mollusks
108
.  PAHs that enter the system in water 
accommodated form, such as petroleum, are more easily released from particulate matter than 
PAHs entrapped in pyrolytic source particles
100
.  This could explain why there are orders of 
magnitude higher concentrations of LMW biliary PAHs in bile samples in this study than HMW 
biliary PAH metabolite concentration, even though nine of 10 longline stations have greater 
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concentrations of HMW parent PAHs in the sediment compared to LMW parent PAHs (Figure 
35).  The only station with higher levels of LMW parent PAHs in the sediment compared to 
HMW parents PAHs is station He-265, the location of the Hercules 265 natural gas platform 
blowout that occurred on July, 23
rd
 2013.  Sediment and bile samples from stations He-265 were 
taken one month following the Hercules 265 blowout, therefore, the relatively higher 
concentrations of LMW PAHs in sediment cores taken near the rig indicate contamination from 
the recent gas blowout. 
A high biliary NPH/BaP metabolite ratio is expected for fish that have been exposed to 
crude oil
53
.  The NPH/BaP ratio in salmon following the Exxon Valdez oil spill was 1300 ± 600, 
while the ratio was 110 ± 62 for english sole from a creosote (pyrogenic) contaminated area in 
Puget Sound
53
.  The NPH/BaP ratio for golden tilefish collected in 2012 is 1943 ± 1100, king 
snake eel collected in 2012 is 190 ± 110, and red snapper collected in 2011 is 470 ± 210.  The 
NPH/BaP ratio in 2012 golden tilefish samples is similar to that reported for salmon following 
the Exxon Valdez oil spill, indicating these fish have also been exposed to petrogenic pollution. 
The statistically significant, exponential decrease over time of LMW biliary PAH 
metabolites in red snapper also suggests exposure to petrogenic PAH pollution from an episodic 
event in the Gulf of Mexico, prior to 2011.  The same decrease over time was seen in LMW and 
HMW biliary PAH metabolites for king snake eel samples.  In contrast, because biliary BaP 
metabolite concentrations have not changed over time, for golden tilefish and red snapper 
samples, further suggests that the BaP contamination in the environment emanates primarily 
from a different source than the NPH contamination, or has a different level of bioavailability.  
All of this evidence suggests the source of PAH pollution these demersal fishes are exposed to is 
a petrogenic source, and we cannot rule out the DWH blowout as the source, while 
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corresponding studies have ruled out natural seeps, coastal and atmospheric deposition and leaky 
infrastructure as major sources of LMW PAH pollution in the present-day northern GoM
49
. 
 
Potential Biological Effects 
Investigating sublethal effects that are associated with PAH exposure in fishes is a logical 
extension of this study, since a commercially important species, golden tilefish, was identified as 
having relatively high levels of LMW PAH exposure that are persistent over time, and another 
commercially important species, red snapper, was identified as being exposed to elevated levels 
of LMW PAH pollution in 2011, following the DWH blowout.  The presence of biliary PAH 
metabolites, especially of BaP, suggests the potential for serious sublethal biological effects
39
.  
The etiology of fish disease and PAH exposure and accumulation is not well understood, 
however, associations between PAH exposure and sublethal effects in fish have been found.  
Sublethal effects can have impacts at the individual, or somatic level, including DNA damage, 
immunotoxicity, cardiotoxicity, reduced adult fitness, altered and reduced growth, “toxicant-
induced starvation”, hepatic lesions and neoplasms, skin lesions, disrupted cell membranes, gill 
abnormalities, osmoregulatory imbalance and hormone disruption
15, 31, 40-51
. 
When looking at long-term impacts of the DWH blowout on marine resources, such as 
golden tilefish and red snapper fisheries, it is important to understand if somatic changes from 
PAH exposure have the potential to cause effects on higher levels of organization, such as 
population-level effects.  Population-level effects of chronic PAH exposure include decrease 
reproductive capacity (e.g. fecundity), heritable DNA damage, reduced growth and reduced 
survival to maturity.  Over time, potential consequences of PAH exposure such as impaired 
growth and decreased larval survival and fecundity can impact biomass and productivity of a 
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population
49, 50
.  With chronic exposure to PAHs, there is the potential for multigenerational 
effects that could negatively impact fish population size and growth
51
.  If a mutagen, such as 
BaP, alters a gene, that mutated gene could be inherited, possibly impacting future generations of 
fish
51
.  A study of multigenerational effects of BaP exposure in fathead minnow (Pimephales 
promelas) found inherited altered genes lead to decreased survival of the larvae of future 
generations
51
.  The reduced survival to maturity and impacts on fecundity could impact 
population size, growth and stability within a few generations
50
. 
Most toxicological research on PAH exposure in fishes focuses on somatic damage.  The 
relationship between PAH contaminated sediments and liver lesions in demersal fishes is 
probably the most well-studied
47, 68, 113
.  Numerous studies have found a significant positive 
correlation between the presence of liver neoplasms (e.g. carcinomas) and other lesions in 
demersal fishes and the concentration of PAHs in sediment
47, 68, 104, 113
.  Multiple studies
47, 68
 
have concluded that biliary FACs are “significant risk factors for the occurrence of neoplastic, 
preneoplastic, non-neoplastic proliferative, and specific degenerative/necrotic lesions, as well as 
hydropic vacuolation”68 and the link between the two is thought to be the formation of PAH-
DNA adducts
47
.  There is a linear dose-response relationship between BaP dose and BaP-DNA 
adduct formation
39
. 
Between potential exposure to PAH pollution from the DWH blowout, the possibility of 
chronic exposure to residual DWH oil and chronic PAH pollution in the GoM from fluvial 
sources and oil infrastructure, the possible long-term impacts of PAH exposure represent 
significant concerns for GoM marine resources.  My future research, and the future research of 
other members of C-IMAGE, will continue to focus on measuring PAH exposure and 
accumulation in GoM fishes, study established biomarkers to oil exposure, develop new 
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biomarkers to oil exposure and link all results between individual fish to better understand PAH 
disposition and its relation to somatic-level sublethal effects, which have the ability to negatively 
impact fish populations. 
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Future Research 
Further research will have three foci: 
1. Understand species-specific differences in PAH disposition (absorption, 
distribution, metabolism and excretion) and the corresponding mechanisms and routes of PAH 
exposure in relation to fish behavior, life history and physiology. 
2. Understand the relationship between concentration of PAHs in bile, liver and 
muscle in relation to known sublethal effects and biomarkers of oil exposure.  Potentially define 
thresholds of biliary PAH metabolites and PAH concentrations in liver and muscle tissue that 
induce sublethal effects and biomarkers. 
3. Understand the relationship between environmental variables such as 
concentration of PAHs in sediment, sediment grain size and total organic carbon in sediment and 
how they relate to PAH accumulation in sediments and bioavailability of sediment-bound PAH 
pollution to demersal fishes. 
For foci number one, the persistence of the large species-specific difference when fishes 
are caught at the same location, suggests there is a difference in an organism’s physiology, 
behavior or the bioavailability to PAH pollution that is affecting PAH disposition.  The relatively 
high concentrations of biliary PAHs in golden tilefish, and the relatively low concentrations 
measured in king snake eel, are intriguing and future research will look to understand these 
anomalies.  Both species were expected to have elevated exposure to PAH pollution due to their 
high level of association with the sediment.  PAH concentrations will be measured in liver and 
muscle samples of the individual fish examined in this study, to better understand accumulation 
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and distribution of PAHs in the organism and the potential for certain species to bioaccumulate 
PAHs verses metabolize and eliminate.  Routes of PAH elimination will also be examined by 
measuring PAH metabolite levels in fish mucus.  King snake eel produce relatively high amounts 
of mucus, compared to red snapper and golden tilefish, and previous studies have found fish use 
epidermal mucus as a route of elimination of LMW PAHs
37, 38
.  This extra route of elimination 
may play a role in the low levels of biliary PAHs measured in king snake eel. 
For foci number two, after determining GoM fishes were exposed to episodic PAH 
pollution, and that source of PAH pollution is still bioavailable to golden tilefish, there is need to 
measure and monitor sublethal effects associated with PAH exposure in these fishes.  Other 
researchers are measuring biomarkers of PAH exposure in the individual fish examined in this 
study, including changes in growth rate in red snapper, immune response in red snapper and 
golden tilefish, DNA damage in red snapper, king snake eel and golden tilefish, fertility 
hormones and liver pathologies.  Following the completion of these studies, researchers will 
align the biliary PAH metabolite, PAH concentration in muscle and liver tissues, and sublethal 
effect data to determine any relationships seen in individual fish or species.  We hope to identify 
thresholds for biliary PAH metabolites, and for the concentrations of PAHs in muscle and liver, 
that induce these sublethal effects and biomarkers of exposure.  These thresholds would be 
valuable in determining seafood safety and fish health following environmental disasters, such as 
the DWH blowout, and in environmental monitoring. 
For foci number three, we will continue to integrate the available sediment data for PAH 
concentration, grain size and total organic carbon.  Sediment cores are taken at each longline 
stations where fish are sampled.  This study examined available data for PAH concentration in 
sediment from a subset of those sediment cores.  In the future, sediment PAH data will be 
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available for all sediment cores.  For this study, data on dominant sediment type at each station 
was obtained from NOAA’s GoM Data Atlas.  Future research will use grain size data available 
from the sediment cores taken at the specific longline stations.  Total organic carbon data will 
also be obtained from each sediment core, and together with grain size data, these measurements 
will help us understand level PAH accumulation in sediment and thus the level of bioavailability 
to demersal fishes. 
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Conclusions 
 The data synthesized in this study is one of the largest biliary PAH data sets for fishes 
known and the largest for GoM fishes.  Nearly 300 bile samples were analyzed from three GoM 
demersal fish species over three years following the DWH blowout and contamination levels 
were examined in relation to various environmental and biological factors. 
Significant inter-species differences exist between the three study species, golden tilefish, 
red snapper and king snake eel, in the concentration of LMW biliary PAH metabolites.  The 
strong inter-species difference persisted at sites where species co-occurred.  Golden tilefish 
exhibit the highest known concentrations of LMW biliary PAH metabolites of data available on 
GoM fishes, and were among the highest concentrations in comparable studies from around the 
world.  This inter-species difference is most likely due to life history, behavior and physiological 
differences that could affect PAH exposure and disposition.  It is likely that golden tilefish 
continuously bioturbae the sediments with their mouth and body while maintaining their large 
burrows, resulting in higher exposure to PAH pollution in the GoM as compared with king snake 
eel and red snapper.  However, species-specific rates of uptake, metabolism and elimination of 
PAHs may play a role. 
 There was also inter-species variation in temporal trends in LMW biliary PAH 
metabolites.  The high concentrations of LMW biliary PAHs were persistent over time in golden 
tilefish, while they declined over time in red snapper and king snake eel.  The decline in the 
LMW biliary PAH metabolites in red snapper and king snake eel, indicates episodic exposure to 
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petrogenic pollution prior to 2011, while the persistence of LMW biliary PAH metabolites in 
golden tilefish suggests there is a present-day source, most likely continuing contamination from 
an historical source of PAH pollution bioavailable to golden tilefish.  This present-day source 
could be residual DWH oil that has been sedimented and continually made bioavailable by the 
bioturbating golden tilefish. 
 The inter-species and temporal trends observed for LMW biliary PAH metabolites were 
not observed for the HMW biliary PAH metabolites.  In 2012, all three species had similar 
concentrations of HMW biliary PAH metabolites.  In 2013, the concentration in king snake eel 
decreased, while concentration in red snapper and golden tilefish increased.  In comparison to 
international studies of biliary PAHs in fish, all three species had comparatively low 
concentrations of HMW PAH metabolites, suggesting BaP pollution in the GoM is low and 
possibly near baseline. 
The different patterns observed between LMW and HMW biliary PAH metabolites 
suggest there are different contributing sources of each in the environment, or there is a 
difference in bioavailability or metabolism.  There was a strong correlation between the two 
LMW, petrogenic, PAHs measured, NPH and PHN, while there was a weaker correlation 
between NPH and BaP metabolites.  The strong correlation between NPH and PHN metabolites 
suggests they are from the same source, most likely petrogenic pollution, while the weak 
correlation between NPH and BaP metabolites suggests there are from different sources (or 
perhaps different transformations from a common source, e.g., burning of crude oil).  The ratio 
of NPH/BaP in golden tilefish samples was high, and similar to that seen in fish following the 
Exxon Valdez oil spill, further indicating golden tilefish are being exposed to petrogenic 
pollution.  Through elimination of other sources of PAH pollution in the GoM (e.g. natural 
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seeps, coastal and atmospheric deposition, leaky infrastructure), it is probable that the source of 
petrogenic PAH pollution available to golden tilefish is from the DWH blowout. 
 Biological and environmental variables studied partially explained the biliary PAH 
differences seen in golden tilefish.  The significant negative correlation between biliary BaP 
metabolites and golden tilefish length could potentially be explained by an ontogenetic shift in 
diet, away from benthic invertebrates and towards piscivory, indicating diet is a mechanism of 
exposure.  There was also a weak correlation between total biliary PAHs in golden tilefish and 
total PAH concentration in corresponding sediment samples, and a relationship between 
dominant-sediment type and biliary PAH concentration.  This indicates sediment is also a source 
of PAH pollution to golden tilefish.  These two routes of exposure were expected for golden 
tilefish, as it is a burrow-forming, benthophagous fish, however, the two routes may be difficult 
to disentangle.  The high, persistent biliary PAH concentrations were also expected in golden 
tilefish, due to their burrow-forming lifestyle.  The lack of correlation between sediment PAH 
concentration and biliary PAH concentration in red snapper and king snake eel, suggests 
sediment is not a strong mechanism of exposure for these species.  The relationship between king 
snake eel length and biliary PAH metabolites suggests diet is a mechanism of exposure. 
 Spatial analyses of the data revealed the golden tilefish biliary PAH concentrations were 
highest on the northern axis of the De Soto Canyon, concentrations were steady and low across 
the GoM for king snake eel, and concentrations were significant higher closer to the DWH event 
and Mississippi River, compared to the WFS, for red snapper samples.  Predominant wind 
direction and wind speed vectors, occurring when controlled burns of DWH oil took place, are 
consistent with higher BaP concentrations up the De Soto Canyon.  Combined with the fact that 
biliary PAH concentrations have declined in red snapper over time, the spatial patterns in data 
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for red snapper also suggest the DWH blowout played a role in exposure to PAHs in red snapper.  
Spatial patterns in golden tilefish biliary PAH metabolites are more complicated, possibly 
explained by sediment PAH concentration, sediment type, and atmospheric deposition of BaP 
following the in situ burns conducted post-DWH.  The consistent, low concentrations of biliary 
PAH metabolites in king snake eel suggests they are near baseline, although, baseline is 
unknown. 
 Even if biliary PAH metabolite concentrations are near baseline, or returning to baseline, 
in these species, there is still the potential for sublethal effects and population-level impacts.  The 
high, persistent concentrations of LMW, and persistent concentration of HMW biliary PAH 
metabolites, in golden tilefish, put the species at risk.  Golden tilefish are additionally vulnerable 
to environment disturbance because of their complex life history (slow growth rate, long lived, 
delayed participation in spawning in males).  Further monitoring of PAH concentration in bile, 
liver and muscle samples, and a long-term assessment of sublethal effects is needed in these 
species, especially golden tilefish, to avoid potential damage to their populations and to the 
fisheries. 
The data from this study will also serve as an important baseline data set on PAH 
contamination in fishes in the GoM from which to compare with future information.  Data 
analyzed herein provides one of the largest analyses of biliary PAH metabolites in fishes ever 
published.  There is a paucity of baseline data available for PAH pollution in GoM fishes, 
especially the offshore fishes, such as golden tilefish, and biliary PAH data.  This work will 
provide a large data set of much-needed baseline data to be available for tracking of levels to 
baseline, and comparison following a future deep-water blowout or oil spill. 
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To summarize: 
 Post Deepwater Horizon, an intensive survey to understand oil contamination in GoM 
fish species was instituted, focusing on demersal species in the northern GoM.  The 
biomarker used was biliary PAH metabolite concentration, analyzed by HPLC-F
52
. 
 My study collected bile from 271 specimens of three species of demersal fishes, golden 
tilefish, king snake eel and red snapper, representing a continuum of benthic association. 
 Significant differences in LMW biliary PAH metabolite concentration occurred between 
golden tilefish, king snake eel and red snapper, with golden tilefish having significantly 
higher concentrations for all years studied.  LMW biliary PAH metabolite concentrations 
measured in golden tilefish, in 2012, were some of the highest concentrations measured 
in the GoM and worldwide, comparable to samples taken immediately after the Exxon 
Valdez oil spill. 
 LMW biliary PAH metabolite concentration was high and persistent over time in golden 
tilefish samples, while concentrations declined over time in red snapper and king snake 
eel samples.  This suggests that golden tilefish are continually exposed to petrogenic 
PAH pollution, most likely due to their burrow-forming lifestyle, while red snapper and 
king snake eel were exposed to episodic PAH pollution, most likely from the DWH 
blowout. 
 HMW biliary PAH metabolite concentration was consistent between the three species, 
and relatively low when compared to previous GoM and international data.  HMW PAH 
pollution declined over time in king snake eel samples, while concentrations increased 
over time in red snapper and golden tilefish. 
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 Concentrations of LMW and HMW biliary PAH metabolites were significantly lower for 
red snapper caught on the West Florida Shelf compared to red snapper caught westward, 
towards the DWH event. 
 We believe sediment and diet are routes of exposure to PAHs for golden tilefish, and diet 
is a possible route of exposure for king snake eel, due to relationships between total 
concentration of PAHs in sediment, dominant sediment type and fish length. 
 Future research includes measuring PAH concentration in liver and muscle tissues of the 
individual fish examined in this study.  Biliary PAH metabolites will continue to be 
monitored in the study species.  Sublethal effects (e.g. changes in growth rate, immune 
response, DNA damage, fertility hormones, liver lesions) are being examined in the 
individual fish in this study and will be aligned with PAH concentration data.  Further 
research, and an exposure study, will be executed, to further understand species-specific 
rates of uptake, metabolism and elimination of PAHs. 
 Comprehensive baseline data of contamination in Gulf of Mexico fishes is critical, as the 
environment is highly vulnerable to oil spills, deep-water blowouts and anthropogenic 
pollution. 
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Appendices 
Appendix A: PAH Metabolite Results and Biometric Data for Individual Fishes. 
 
Table A1: 2011 PAH metabolite results and biometric data for individual fish (NPH = naphthalene, PHN = phenanthrene, BaP = 
Benzo[a]pyrene). 
Station Fish ID Species NPH Equivalents PHN Equivalents BaP Equivalents Length Weight Gender Liver weight 
   
(ug/g) (ug/g) (ng/g) (cm) (kg) 
 
(kg) 
PC 10-40 1 Red snapper 180 23 170 60 3.758 F 0.024 
PC 10-40 3 Red snapper 97 16 230 67 5.292 M 0.032 
PC 11-40 73 Red snapper 470 63 530 63 4.836 M 0.022 
PC 11-40 113 Red snapper 230 40 230 79 11.296 F 0.115 
PC 11-40 110 Red snapper 71 12 180 69 5.818 F 0.032 
PC 11-100 22 Red snapper 48 6.3 100 66 5.358 M 0.04 
PC 11-100 23 Red snapper 73 9.8 95 66 5.512 F 0.064 
PC 12-20 7 Red snapper 120 27 190 56 3.6 F 0.018 
PC 12-20 8 Red snapper 130 27 360 65 4.96 F 0.046 
PC 12-20 9 Red snapper 110 19 310 57 3.092 F 0.022 
PC 12-20 10 Red snapper 130 34 400 49 2.026 F 0.012 
PC 12-20 18 Red snapper 120 27 400 60 3.44 M 0.02 
PC 12-20 110 Red snapper 110 23 250 64 4.262 F 0.029 
PC 12-40 179 Red snapper 87 14 180 59 3.082 F 0.016 
PC 12-40 180 Red snapper 110 23 270 58 3.596 F 0.023 
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Table A1 (Continued) 
Station Fish ID Species NPH Equivalents PHN Equivalents BaP Equivalents Length Weight Gender Liver weight 
   
(ug/g) (ug/g) (ng/g) (cm) (kg) 
 
(kg) 
PC 12-40 182 Red snapper 160 29 310 63 4.508 M 0.023 
PC 12-40 183 Red snapper 140 28 320 63 4.368 F 0.027 
PC 13-20 17 Red snapper 140 23 590 72 6.995 M 0.044 
PC 13-20 20 Red snapper 100 16 470 69 5.618 M 0.027 
PC 13-20 21 Red snapper 150 18 430 70 5.812 M 0.025 
PC 13-20 81 Red snapper 130 21 570 66 5.528 F 0.024 
PC 13-40 30 Red snapper 100 13 310 86 10.46 F 0.048 
PC 13-40 46 Red snapper 58 10 130 57 3.094 F 0.022 
PC 13-40 47 Red snapper 100 15 180 65 5.108 M 0.04 
PC 13-40 48 Red snapper 44 7.5 94 61 4.042 M 0.04 
PC 13-40 49 Red snapper 87 13 230 70 5.564 M 0.07 
PC 13-40 50 Red snapper 70 12 200 53 2.234 F 0.02 
PC 13-40 90 Red snapper 41 6.3 97 54 2.582 F 
 
PC 914-040 11 Red snapper 100 21 290 89 12.24 F 0.04 
PC 914-040 19 Red snapper 120 18 310 79 8.375 M 0.062 
 
Table A2: 2012 PAH metabolite results and biometric data for individual fish (NPH = naphthalene, PHN = phenanthrene, BaP = 
Benzo[a]pyrene). 
Station Fish ID Species NPH Equivalents PHN Equivalents BaP Equivalents Length Weight Gender Liver weight 
   
(ug/g) (ug/g) (ng/g) (cm) (kg) 
 
(kg) 
SL 8-100 2 Golden tilefish 300 57 260 56 2.4 F 0.038 
SL 8-100 4 Golden tilefish 210 28 310 50 1.47 F 0.05 
SL 8-100 11 Golden tilefish 230 29 102 57 2.5 F 0.046 
SL 14-60 10 Golden tilefish 180 25 51 50 1.51 F 0.022 
SL 14-60 8 Golden tilefish 160 22 82 67 4 M 0.056 
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Table A2 (Continued) 
Station Fish ID Species NPH Equivalents PHN Equivalents BaP Equivalents Length Weight Gender Liver weight 
   
(ug/g) (ug/g) (ng/g) (cm) (kg) 
 
(kg) 
SL 14-60 12 Golden tilefish 320 60 82 79 6.8 F 0.098 
SL 14-60 14 Golden tilefish 150 30 120 58 2.2 
 
0.01 
SL 14-60 5 Golden tilefish 180 29 140 47 1.724 F 0.018 
SL 14-60 16 Golden tilefish 220 40 83 75 6.2 F 0.042 
SL 14-60 6 Golden tilefish 270 50 270 53 1.674 F 0.02 
SL 14-60 11 Golden tilefish 340 63 290 52 1.8 F 0.006 
SL 7-150 21 Golden tilefish 300 56 92 82 7.46 F 0.074 
SL 7-150 12 Golden tilefish 230 38 210 79 5.748 F 0.07 
SL 7-150 1 Golden tilefish 230 45 403 79 5.6 F 0.05 
SL 7-150 15 Golden tilefish 250 46 190 89 6.125 F 0.072 
SL 7-150 6 Golden tilefish 220 - 130 49 1.248 F 0.006 
SL 9-150 10 Golden tilefish 260 35 57 81 7 F 0.068 
SL 9-150 11 Golden tilefish 300 57 81 89 10 F 0.052 
SL 9-150 14 Golden tilefish 330 57 140 75 6 F 0.034 
SL 9-150 16 Golden tilefish 260 42 160 59 2.4 
 
0.018 
SL 9-150 18 Golden tilefish 170 27 101 45 1 F 0.014 
SL 9-150 28 Golden tilefish 280 50 140 92 9 F 0.096 
SL 9-150 12 Golden tilefish 110 14 470 81 7.6 F 0.056 
SL 9-150 7 Golden tilefish 190 - 110 56 2.2 
 
0.02 
SL 8-100 27 King snake eel 15 2.1 68 132 3.8 F 
 
SL 14-60 55 King snake eel 24 3.2 130 122 3.2 
  
SL 14-60 56 King snake eel 11 1.3 46 116 2.4 
  
SL 9-150 30 King snake eel 20 3.2 68 172 
   
SL 9-150 31 King snake eel 18 6.8 150 178 9.8 
  
SL 9-150 32 King snake eel 30 7 150 153 6.8 F 
 
SL 12-100 34 King snake eel 82 12 190 153 10 
 
0.03 
SL 12-100 33 King snake eel 58 11 200 182 10 M 0.044 
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Table A2 (Continued) 
Station Fish ID Species NPH Equivalents PHN Equivalents BaP Equivalents Length Weight Gender Liver weight 
   
(ug/g) (ug/g) (ng/g) (cm) (kg) 
 
(kg) 
SL 12-100 35 King snake eel 39 6.9 230 173 8.5 
 
0.03 
SL 9-80 54 King snake eel 63 15 460 
 
10.8 F 
 
SL 9-80 55 King snake eel 11 2.5 210 179 12.8 F 
 
SL 9-80 56 King snake eel 20 2.8 46 143 4.8 
  
SL 9-80 57 King snake eel 21 4.8 150 165 6.7 F 
 
SL 16-150 59 King snake eel 49 6.5 140 201 14 F 0.092 
SL 16-150 60 King snake eel 18 4.2 150 175 10.4 F 0.068 
PCB03-100 15 King snake eel 22 1.8 160 141 4.8 F 0.032 
GP3 73 King snake eel 32 7.5 200 165 12 F 0.08 
GP3 74 King snake eel 11 2.4 260 186 13 F 0.074 
GP3 75 King snake eel 20 5.1 96 181 13.1 M 0.066 
SL 10-40 102 King snake eel 88 32 830 124 2.75 M 
 
SL 10-40 104 King snake eel 86 31 850 95 1.122 
  
SL 10-40 105 King snake eel 65 23 510 110 2.078 
  
SL 10-40 106 King snake eel 79 29 760 96 1.108 
  
SL 16-150 41 Red snapper 39 11 130 57 2.744 F 0.018 
SL 16-150 38 Red snapper 66 14 260 53 2.282 M 0.01 
SL 16-150 37 Red snapper 40 10 150 56 3.002 F 
 
SL 16-150 39 Red snapper 54 11 190 56 2.86 F 0.01 
SL 16-150 33 Red snapper 69 13 190 65 4.238 F 0.028 
SL 16-150 32 Red snapper 79 14 460 65 4.2 F 0.026 
SL 16-150 40 Red snapper 79 16 95 58 3.214 F 0.024 
SL 8-40 10 Red snapper 20 11 120 47 2 M 0.006 
 SL 8-40 11 Red snapper 130 19 68 45 1.7 M 0.002 
SL 8-40 9 Red snapper 44 5 170 56 3 F 0.02 
SL 10-40 73 Red snapper 88 21 540 64.5 5.1 M 0.028 
SL 10-40 80 Red snapper 36 10 170 70 5.8 F 0.044 
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Table A2 (Continued) 
Station Fish ID Species NPH Equivalents PHN Equivalents BaP Equivalents Length Weight Gender Liver weight 
   
(ug/g) (ug/g) (ng/g) (cm) (kg) 
 
(kg) 
SL 10-40 9 Red snapper 50 12 180 63 4.2 M 0.032 
SL 10-40 78 Red snapper 70 18 520 57 3 M 0.014 
SL 10-40 17 Red snapper 47 8.3 105 60.5 4 F 0.048 
 
Table A3: 2013 PAH metabolite results and biometric data for individual fish (NPH = naphthalene, PHN = phenanthrene, BaP = 
Benzo[a]pyrene). 
Station Fish ID Species NPH Equivalents PHN Equivalents BaP Equivalents Length Weight Gender Liver weight 
   
(ug/g) (ug/g) (ng/g) (cm) (kg) 
 
(kg) 
SL 14-60 27 Golden tilefish 110 18 270 40 0.98 F 
 
SL 14-60 8 Golden tilefish 200 39 210 89 9.2 F 0.063 
SL 14-60 10 Golden tilefish 220 47 300 58 1.967 F 
 
SL 14-60 34 Golden tilefish 260 50 170 61 2.6 F 
 
SL 14-60 12 Golden tilefish 170 39 110 61 2.414 
  
SL 14-60 4 Golden tilefish 350 72 1210 62 2.81 F 
 
SL 14-60 3 Golden tilefish 220 46 150 60 2.44 F 
 
SL 14-60 1 Golden tilefish 140 24 210 80 5.206 M 
 
SL 14-60 2 Golden tilefish 170 35 94 93 9.8 M 0.046 
SL 14-60 15 Golden tilefish 280 57 220 79 5.17 F 
 
SL 14-60 35 Golden tilefish 270 49 270 77 5.8 
 
0.032 
SL 14-60 22 Golden tilefish 180 29 160 63 2.642 
  
SL 14-60 47 Golden tilefish 57 9 290 62 2.64 F 
 
SL 14-60 59 Golden tilefish 270 60 200 92 10.2 M 0.058 
SL 14-60 67 Golden tilefish 110 46 170 59 2.458 F 
 
SL 14-60 48 Golden tilefish 240 49 720 56 1.87 F 
 
SL 14-60 68 Golden tilefish 68 21 100 53 1.624 F 
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Table A3 (Continued) 
Station Fish ID Species NPH Equivalents PHN Equivalents BaP Equivalents Length Weight Gender Liver weight 
   
(ug/g) (ug/g) (ng/g) (cm) (kg) 
 
(kg) 
SL 8-100 29 Golden tilefish 420 66 1360 51 1.493 
  
SL 8-100 2 Golden tilefish 240 45 260 52 1.856 
  
SL 8-100 20 Golden tilefish 460 77 200 82 7 M 
 
SL 8-100 18 Golden tilefish 370 67 160 71 4.146 M 0.027 
SL 8-100 10 Golden tilefish 480 78 350 70 3.306 F 0.016 
SL 8-100 6 Golden tilefish 22 2.6 140 
    
SL 8-100 11 Golden tilefish 400 66 320 56 2.49 
  
SL 8-100 24 Golden tilefish 380 57 400 70 4.034 M 
 
SL 8-100 30 Golden tilefish 270 36 340 56 1.854 F 
 
SL 8-100 26 Golden tilefish 320 50 650 43 0.945 
  
SL 8-100 5 Golden tilefish 320 48 450 75 4.728 M 
 
SL 8-100 23 Golden tilefish 340 82 440 74 5.504 
  
SL 9-80 24 Golden tilefish 68 10 680 68 3.786 M 0.027 
SL 9-80 22 Golden tilefish 130 20 220 66 3.328 F 0.019 
SL 9-80 28 Golden tilefish 250 40 550 66 3.468 
 
0.038 
SL 9-80 33 Golden tilefish 120 29 260 62 3.396 F 0.029 
SL 9-80 23 Golden tilefish 270 38 490 70 3.97 F 
 
SL 9-80 35 Golden tilefish 130 18 220 45 1.049 F 
 
SL 9-80 36 Golden tilefish 44 5.8 190 60 2.873 F 0.026 
SL 9-80 21 Golden tilefish 210 32 340 73 4.4 
 
0.023 
SL 9-80 34 Golden tilefish 250 41 950 46 1.413 F 
 
SL 14-100 3 Golden tilefish 230 33 150 81 6 M 0.05 
SL 14-100 48 Golden tilefish 200 29 190 56 2.17 
  
SL 14-100 6 Golden tilefish 110 13 250 99 12.4 M 0.101 
SL 14-100 10 Golden tilefish 66 9.2 180 63 2.63 
 
0.048 
SL 14-100 25 Golden tilefish 72 8.3 130 76 4.702 M 0.076 
SL 14-100 49 Golden tilefish 54 7.6 110 50 1.332 
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Table A3 (Continued) 
Station Fish ID Species NPH Equivalents PHN Equivalents BaP Equivalents Length Weight Gender Liver weight 
   
(ug/g) (ug/g) (ng/g) (cm) (kg) 
 
(kg) 
SL 14-100 12 Golden tilefish 66 8.5 240 63 2.974 
 
0.06 
SL 14-100 5 Golden tilefish 69 11 220 
    
SL 9-150 29 Golden tilefish 230 44 720 70 4.482 
 
0.042 
SL 9-150 33 Golden tilefish 270 38 220 63 2.674 F 
 
SL 9-150 32 Golden tilefish 240 36 71 72 4.44 M 0.047 
SL 9-150 27 Golden tilefish 260 50 92 71 3.872 M 
 
SL 9-150 30 Golden tilefish 240 33 680 47 1.288 
  
SL 9-150 35 Golden tilefish 130 25 170 49 1.416 M 
 
SL 9-150 28 Golden tilefish 190 31 230 50 1.617 
  
SL 9-150 14 Golden tilefish 220 47 210 72 3.904 M 0.034 
SL 9-150 31 Golden tilefish 240 64 150 70 4.22 M 
 
SL 9-150 22 Golden tilefish 270 71 140 85 8 M 0.038 
SL 9-150 25 Golden tilefish 170 40 110 71 4.71 
 
0.014 
SL 5-100 14 Golden tilefish 240 36 700 49 1.312 F 0.018 
SL 5-100 15 Golden tilefish 360 53 3032 50 1.394 F 0.018 
SL 5-200 15 Golden tilefish 250 43 410 51 1.714 F 0.032 
SL 5-200 20 Golden tilefish 260 39 322 61 2.466 F 0.037 
SL 1-1150 9 Golden tilefish 44 7 110 79 5.666 F 
 
SL 1-1150 14 Golden tilefish 120 23 94 75 4.888 F 
 
SL 1-1150 12 Golden tilefish 68 13 100 83 8.2 F 
 
SL 1-1150 5 Golden tilefish 180 30 150 64 3.128 M 
 
SL 1-1150 18 Golden tilefish 250 33 81 68 4.054 M 
 
SL 1-1150 17 Golden tilefish 200 42 160 66 3.672 F 
 
SL 1-1150 22 Golden tilefish 32 5.1 110 44 0.966 F 
 
SL 1-1150 23 Golden tilefish 180 32 103 60 2.367 F 
 
SL 12-100 13 Golden tilefish 320 44 260 90 
 
F 0.165 
SL 7-150 5 Golden tilefish 450 180 830 51 1.44 F 
 
104 
Table A3 (Continued) 
Station Fish ID Species NPH Equivalents PHN Equivalents BaP Equivalents Length Weight Gender Liver weight 
   
(ug/g) (ug/g) (ng/g) (cm) (kg) 
 
(kg) 
SL 7-150 23 Golden tilefish 430 72 1920 52 1.226 F 0.014 
SL 14-60 14 King snake eel 7.9 3.1 34 112 2.034 
  
SL 14-60 21 King snake eel 22 4.4 120 95 1.139 
 
0.01 
SL 14-60 16 King snake eel 26 5.2 270 131 3.188 
 
0.037 
SL 14-60 33 King snake eel 29 6 190 102 1.498 
 
0.018 
SL 14-60 52 King snake eel 17 4.1 150 95 1.268 
 
0.007 
He-265 29 King snake eel 35 5.5 135 220 1.2 
  
He-265 27 King snake eel 18 2.4 110 90 16 F 
 
He-265 28 King snake eel 40 6.9 310 107 16 F 
 
SL 8-100 1 King snake eel 5.7 0.92 84 157 6.2 
 
0.04 
SL 8-100 3 King snake eel 9 2 140 142 4.906 
 
0.032 
SL 8-100 17 King snake eel 95 18 81 89 1.061 
 
0.008 
SL 9-80 40 King snake eel 16 4.5 200 125 2.4 
  
SL 9-80 1 King snake eel 25 7.9 280 105 1.7 
  
SL 9-80 20 King snake eel 20 5.4 190 101 1.7 
  
SL 9-80 39 King snake eel 9 1.8 70 226 17.5 F 0.153 
SL 9-80 10 King snake eel 16 5.1 204 156 6.8 M 0.036 
SL 9-80 41 King snake eel 15 2.9 93.1 201 13.8 
  
SL 9-80 9 King snake eel 14 3.3 150 134 3.3 M 0.018 
SL 9-80 38 King snake eel 8.2 1.7 86 87 0.961 
  
SL 9-80 17 King snake eel 19 5.7 190 175 9.1 M 0.064 
SL 9-80 18 King snake eel 20 4.1 62 149 4.8 
  
SL 9-80 11 King snake eel 8.7 1 110 168 11.4 
 
0.066 
SL 9-80 19 King snake eel 9.3 1.6 140 187 10.3 
 
0.056 
SL 9-150 43 King snake eel 7 1.6 71 121 2.486 F 
 
SL 9-150 39 King snake eel 31 3.1 38 103 1.8 M 0.026 
SL 9-150 38 King snake eel 15 3.7 170 142 5 M 0.03 
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Table A3 (Continued) 
Station Fish ID Species NPH Equivalents PHN Equivalents BaP Equivalents Length Weight Gender Liver weight 
   
(ug/g) (ug/g) (ng/g) (cm) (kg) 
 
(kg) 
SL 9-150 44 King snake eel 6.7 1.6 49 102 2 M 0.021 
SL 9-150 41 King snake eel 27 9.4 210 102 2.408 
 
0.027 
SL 9-150 42 King snake eel 9.8 2 85 119 2.74 
  
SL 10-40 173 King snake eel 80 28.7 880 97 1.216 
  
SL 10-40 171 King snake eel 210 44 580 49 0.53 
  
SL 10-40 172 King snake eel 32 10 270 117 2.426 
  
SL 16-150 138 King snake eel 42 6 80 191 11.8 M 
 
SL 16-150 133 King snake eel 15 5.4 170 161 7.8 M 
 
SL 16-150 129 King snake eel 11 1.3 72 191 13 F 
 
SL 16-150 139 King snake eel 7.4 1.7 69 176 12 M 
 
SL 16-150 140 King snake eel 15 3.1 110 198 10.1 M 
 
SL 16-150 130 King snake eel 13 2.4 120 185 12 M 
 
SL 16-150 137 King snake eel 18 6.4 200 174 9 F 
 
SL 16-150 128 King snake eel 9.9 1.3 68 197 10.2 M 
 
SL 16-150 134 King snake eel 3.6 1.8 97 187 0.5 F 
 
SL 1-1150 25 King snake eel 28 6.1 160 97 1.185 
  
SL 12-100 100 King snake eel 3.8 1.4 41 191 13 F 
 
PCB03-100 20 King snake eel 4.5 0.7 220 99 1.4 
 
0.012 
He-265 4 Red snapper 51 10 370 62 4.4 F 0.025 
He-265 10 Red snapper 44 11 480 71 4.73 M 
 
He-265 9 Red snapper 13 3.5 140 73 4.904 F 
 
He-265 17 Red snapper 80 14 430 72 5.123 M 
 
He-265 23 Red snapper 50 10 230 50 1.695 M 
 
He-265 12 Red snapper 36 6.1 140 80 6.8 F 
 
He-265 6 Red snapper 84 16 540 61 2.869 M 
 
He-265 26 Red snapper 52 12 300 50 1.578 M 
 
He-265 19 Red snapper 67 16 470 67 4.035 M 
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Table A3 (Continued) 
Station Fish ID Species NPH Equivalents PHN Equivalents BaP Equivalents Length Weight Gender Liver weight 
   
(ug/g) (ug/g) (ng/g) (cm) (kg) 
 
(kg) 
He-265 15 Red snapper 43 9.5 290 64 4.005 M 
 
He-265 8 Red snapper 58 14 440 67 4.008 M 0.024 
He-265 5 Red snapper 31 5.4 350 65 3.756 F 0.042 
He-265 3 Red snapper 71 12 490 69 5.2 M 0.025 
He-265 18 Red snapper 32 5.8 130 69 4.664 F 
 
He-265 1 Red snapper 66 14 510 71 6 M 0.025 
He-265 13 Red snapper 49 10 270 81 7.2 M 
 
He-265 21 Red snapper 78 14 350 42 0.964 F 
 
He-265 16 Red snapper 48 8.3 190 52 1.902 F 
 
He-265 24 Red snapper 140 21 840 65 3.576 M 
 
He-265 2 Red snapper 110 20 910 68 5.414 M 0.024 
He-265 11 Red snapper 70 12 270 67 2.122 F 
 
He-265 7 Red snapper 62 11 280 68 4.296 F 0.015 
SL 10-40 54 Red snapper 59 15 460 66 4.662 
  
SL 10-40 146 Red snapper 83 21 660 63 3.698 M 
 
SL 10-40 71 Red snapper 86 23 650 65 4.966 M 
 
SL 10-40 62 Red snapper 35 14 1470 66 4.828 F 
 
SL 10-40 147 Red snapper 73 22 360 62 4.058 
  
SL 10-40 55 Red snapper 110 28 580 60 3.594 M 
 
SL 10-40 136 Red snapper 78 20 680 86 9.2 F 
 
SL 10-40 25 Red snapper 59 12 480 64 4.994 M 
 
SL 10-40 43 Red snapper 78 24 930 62 4.082 F 
 
SL 10-40 115 Red snapper 71 19 700 65 4.624 
  
SL 10-40 1 Red snapper 48 15 1300 63 4.39 F 
 
SL 10-40 34 Red snapper 65 14 470 66 5.344 F 
 
SL 10-40 20 Red snapper 41 14 1050 60 3.32 F 
 
SL 10-40 57 Red snapper 65 21 1190 69 5.528 M 
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Table A3 (Continued) 
Station Fish ID Species NPH Equivalents PHN Equivalents BaP Equivalents Length Weight Gender Liver weight 
   
(ug/g) (ug/g) (ng/g) (cm) (kg) 
 
(kg) 
SL 10-40 145 Red snapper 31 9.9 430 55 3.156 F 
 
SL 10-40 61 Red snapper 74 22 700 70 6.2 M 
 
SL 10-40 70 Red snapper 57 19 580 65 5.402 
  
SL 10-40 144 Red snapper 72 20 440 62 3.884 M 
 
SL 16-150 106 Red snapper 30 5.7 170 69 5.548 F 
 
SL 16-150 112 Red snapper 59 8.2 130 53 2.425 F 
 
SL 16-150 109 Red snapper 24 4.8 150 57 2.813 F 
 
SL 16-150 113 Red snapper 22 4.1 97 57 3.386 M 
 
SL 16-150 110 Red snapper 44 9.9 190 55 2.77 F 
 
SL 16-150 111 Red snapper 40 10 150 48 1.822 F 
 
SL 16-150 102 Red snapper 16 3.6 76 66 4.724 F 
 
SL 16-150 104 Red snapper 19 4.3 81 61 4.012 M 
 
SL 16-150 105 Red snapper 31 6.9 130 68 5.2 M 
 
SL 4-40 6 Red snapper 22 3.7 110 65 4.508 M 0.035 
SL 4-40 29 Red snapper 107 13 400 64 4.484 M 0.027 
SL 4-40 7 Red snapper 18 1.4 62 70 5.274 F 0.028 
Madison Swanson 6 Red snapper 25 5 93 71 6.2 M 
 
Madison Swanson 5 Red snapper 16 5.4 61 79 8.1 F 
 
Madison Swanson 16 Red snapper 17 3.9 31 68 4.5 F 
 
Madison Swanson 3 Red snapper 23 4.6 89 72 5.5 M 
 
Madison Swanson 9 Red snapper 26 4.8 120 76 6.5 M 
 
Madison Swanson 12 Red snapper 30 7.6 75 58 2.5 M 
 
Madison Swanson 11 Red snapper 35 6 110 73 7 M 
 
Madison Swanson 13 Red snapper 39 6 110 79 7 F 
 
Madison Swanson 4 Red snapper 26 3.2 78 74 6 F 
 
Madison Swanson 7 Red snapper 21 2.8 66 73 6 F 
 
Madison Swanson 10 Red snapper 21 3.5 84 67 5 M 
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Appendix B: Longline Station Locations 
 
Table B1: Longline stations data, including starting coordinates, depth and date of collection. 
2011 
      
 
Station Latitude Longitude Depth (m) Collection date 
 
 
PC 10-40 29.2355 -88.55217 74.1 8/17/2011 
 
 
PC 11-40 29.10932 -88.87599 76.4 8/16/2011 
 
 
PC 11-100 29.03725 -88.73725 141.9 8/16/2011 
 
 
PC 12-20 28.85121 -89.48454 41.5 8/15/2011 
 
 
PC 12-40 28.82407 -89.5074 73.2 8/15/2011 
 
 
PC 13-20 28.47343 -90.55676 39.9 8/14/2011 
 
 
PC 13-40 28.21781 -90.58447 75.4 8/14/2011 
 
 
PC 914-40 29.3911 -87.7911 74.4 8/18/2011 
 
       
2012 
      
 
Station Latitude Longitude Depth (m) Collection date 
 
 
PCB03-100 29.72302 -86.35153 97.7 8/14/2012 
 
 
SL 7-150 29.48908 -86.67048 457.2 8/14/2012 
 
 
SL 10-40 29.19427 -88.87087 58.5 8/16/2012 
 
 
SL 9-150 29.25052 -87.99502 248.2 8/17/2012 
 
 
SL 9-80 29.29705 -88.01325 154.7 8/17/2012 
 
 
SL 8-100 29.74468 -87.19127 195 8/18/2012 
 
 
SL 14-60 29.45545 -87.45275 199 8/18/2012 
 
 
SL 8-40 29.88348 -87.22172 72.2 8/19/2012 
 
 
GP3 28.75468 -89.19465 200 8/22/2012 
 
 
SL 12-100 28.57212 -89.53705 177.1 8/22/2012 
 
 
SL 16-150 28.63208 -90.0095 214 8/23/2012 
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Table B1 (Continued) 
2013 
      
 
Station Latitude Longitude Depth (m) Collection date # hooks 
 
SL 14-60 29.46395 -87.42888333 224.1 8/16/2013 495 
 
He-265 28.37656667 -90.51121667 44 8/25/2013 508 
 
PCB03-100 29.73345 -86.32518333 113 8/15/2013 385 
 
SL 7-150 29.48643333 -86.67123333 280.8 8/15/2013 446 
 
SL 14-100 29.4007 -87.48435 216.7 8/16/2013 460 
 
SL 8-100 29.74143333 -87.18693333 193.6 8/19/2013 504 
 
SL 9-80 29.30061667 -88.00915 156.6 8/20/2013 499 
 
SL 9-150 29.25433333 -87.98228333 252.4 8/20/2013 478 
 
SL 10-40 29.20453333 -88.87021667 56.2 8/21/2013 497 
 
SL 16-150 28.62116667 -90.00463333 225 8/26/2013 498 
 
SL 12-100 28.55783333 -89.56518333 537.7 8/26/2013 491 
 
SL 11-150 29.04376667 -88.61745 307 8/27/2013 475 
 
SL 5-200 28.48568333 -86.13568333 389.4 8/28/2013 537 
 
SL 5-100 28.54733333 -85.37896667 171.5 8/29/2013 502 
 
SL 4-40 28.08895 -84.43235 66.6 8/29/2013 494 
 
Madison Swanson 29.16303333 -85.74845 85 6/17/2013 - 
 
